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ABSTRACT 
The Wakeham Bay area is situated in the northern 
‘part of the Ungava Peninsulae [It encompasses the eastern end 
ef the Cape Smith Belt and straddles the boundary between 
the Churchill and the Superior Provincese By its location 
and the presence of a complete stratigraphic sequence, it is 
a key area in which to study the evolution of the Cape Smith 
Belt, as part of the Circum-Ungava Geosyncline, and its re- 
lation to the Archean basemente The Aphebian stratigraphic 
eequence is transgressive on this basement which had pre- 
viously been intruded by earlier Aphebian dykese It begins 
with coastal to shallow marine, detrital and chemical, iron- 
rich deposits (Iron Group) and continues with stable plat- 
form sediments (Pelitic Group)e Volcanic activity, the be- 
ginning of which can be observed lecally in the Iron Group, 
becomes significant in the third unit, the Volcano- 
Sedimentary Group; this unit consists of pelites, a car- 
bonate horizon, tuffs, flows and some sills, and ends with 
arkosic sandstones and gritse The Lower and Upper Volcanic 
Group, composed of 80% volcanic rocks and 20% immature de- 
trital sediments, testify to the increasing instability in 
the geosynclinee Although the stratigraphic sequence can be 
observed essentially anywhere from the basement upward, a 
eugeosynclinal domain may be distinguished from a miogeoc- 
lineal domain, which occupies the southern third of the areae 


In the eugeosynclinal domain the lower three groups are much 
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reduced in thickness; locally the Iron Group, sometimes also 
the Pelitic Group, are absente The volcanic rocks are mostly 
massive and pillowed basalt flows with minor pyroclastics 
and numerous gabbro sills, chemically akin to oceanic tho- 
leiites. Ultramafic sills occur mainly in the Upper Volcanic 
Group) which is also characterized by the presence of koma- 
tiites (ultramafic extrusives)e Minor calc-alkaline tuffs 
eccur in the upper part of the sequencee 

During the Hudsonian Orogeny, differential verti- 
cal mevements of rigid basement blocks, along three main 
directions (E-W, NW-SE, NE-SW), resulted in three phases of 
folding in the overlying covere The chronology of these 
phases varies from place to placee Only the E-W phase has 
affected the whole of the Aphebian sequencee In the western 
part of the area a weak N-S phase may be recognizede 
Penetrative deformation of the basement occurred only in the 
more highly metamorphosed part of the areae 

The whole of the Aphebian sequence in the area 
studied has been regionally metamorphosed to greenschist and 
amphibolite faciese The increase in metamorphic grade across 
the region from South to North, and West to East is recog- 
nized in the metapelites by the succession: biotite, alman- 
dine, staurolite, kyanite, and in the metabasites by the 
change from the assemblage: altbite + actinolite + epidote + 
chlorite to the assemblage: plagioclase + hornblende, with 
the coexistence over a broad range of actinolite and horn- 


blende and the gradual up-grade decrease in the amount of 


“et i Bomkteater »«4not Ma LY Mt t at oh , 4 


5 Port ane eaon’ fy as ai ant att “ethene hs ” 
red “in vy batt 


own Bat sew voit nei ono he 


gotta pare yt 


alte oe fe ob start ent te orden 


ote SE eee eer 


a Fay lev nia chert oe oh eo item Coaed andes oetamien ss 


ee VE aE 


eh t Geb: not igobseaita ance! < vf | 


te 


aly yak ond £ at arod pe a ote vee ob aon, chi ott ae d 


ose tarehe, vo ve td stings * te eft 


ay 


pened fats novdae ity). cae ee i chaombait Wan paint an 


AA 


bo), sperenit a eioniet “panied ptaia te ane 1% 


6] € 
' oe inala + ok i t yee He a oe viene eon . 
iN. a 
yaad t. be Set ore “he dat: daewan entesixewo 9 0 ae | 
a 4 ga Dh ro ae +) ag io ‘vaninb oF tnt achidinted oil 


i) 
\ i i 


yeh aie tr “yaiewidn mit Dui inten be 


Aer Be ae) abcd 


ot beige ¥ sort we + omaateg “ behead * wae 


ae 4 pu hu, 
ey eee Wa A avin: tation ae we nokfaanoxon 
i) a eran dy A a : 
ne te oa ae veacitgrome rum, 
. ae ene a By 
wean wets OE Pelee ioe oe ht tel ore ‘ators adh 
v ) -* 
hes Taliae wis mare SS if na mo.cueraie te “es nove nwa move @ 
ne ha ee 
ee aaa dai aa A semeront oat snob ont ay 
i ( y : y ne Fe 
be 7 
wean 3 a Hae wth ooh hem ee: on ed wars” 
} ‘i Ware 1A Uy 


mm Sie 


" Saal, 


inl aro hantnestaea aay et aortihinsnee ba 


(s ay 


bile 
ou Oh _ oo 5 ' ay fa ‘. 


“vehi. ut ator ba neta Hom , ie nishan nee sh 


. vention meow err ‘Toy ee 
Deve ‘ ¢ 4) 
, Wh bh we 
‘? al one at smear 
7 i i 


epidote and chlorite presente The order of appearance shows 
the metamorphism to be of an intermediate P/T, Barrovian, 
typee It also shows that the P/T ratio was lower in the 
South than in the North, where the Aphebian sequence was 
thickere Use of the bg of potassic white micas confirms 
thise A biotite-garnet geothermometer was developed to quan- 
tify the metamorphic zonatione Together with the 
plagioclase-garnet-AloSiOs-quartz thermometer—barometer, it 
yielded maximum (610°C, 7-625Kb) and minimum (500°C, P unxk- 
nown) metamorphic conditionse The quantified metamorphic 
zonation revealed a distinct basement effect ("effet de 
socle") which is interpreted as the expression of a disequi- 
librium in the heat flow during metamorphisme This zonation 
is used also to study the compositional changes with tem- 
perature of electron microprobe analysed metamorphic 
mineralse A compositional gap is recognized in the plagio- 
clase between Anz and Anis5—290; and in the calciferous amphi- 
bole between actinolite and hornblendee 

Age determinations by the wholtle-rock Rb-Sr isoch- 
ron method showed the basement gneisses to be at least 2900 
Meye Old, and the Aphebian volcanism 2150-2200 meyey com- 
pared with approximately 1850 meye in the Belchers Islands 
and the Labrador Troughe Despite lithostratigraphic simi- 
larities with these other parts of the Circum-Ungava 
Geosyncline, differences in tectonic style and the presence 
of komatiites, concur with the geochronological results to 


mark the Cape Smith Belt as an older segment of the Circum- 
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Ungava Geosyncline3; it may be akin to the Thompson Belt. 

The inadequacy of plate tectonic models, in parti- 
culer that of continental collision and suture, to explain 
the Hudsonian Orogeny in the Wakeham Bay area, is demons- 
tratede The following model for the evolution of the Cape 
Smith Belt, as part of the Circum-Ungava Geosyncline, is 
proposede During the period 2200-2150 meye, a linear zone of 
mantle diapirism under an early Archean basement, which may 
be part of the North Atlantic Craton of Greenland, Labrador, 
and Scotland, caused vertical faulting, subsidence, and vol- 
canism$; this resulted in the 3 to 15 km thick, mainly 
marine, volcano-sedimentary sequence now visible.e This acti- 
vity must have continued on Later, continuously or discon- 
tinuously, for another 15-18 km of volcanics and sediments 
is required to account for the present metamorphic grade; 
and at 1750-1650 meye,y it culminated as the Hudsonian 
Orogeny which has produced the main deformation, metamor- 


phism, and uplifte 
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CHAPTER I 


INTRODUCTION 


oe SCOPE and PURPOS f this WORK 


The Wakeham Bay area is a part of the Canadian 
Shield at the boundary between the Churchill and the 
Superior Provincese It encompasses the eastern termination 
of the Cape Smith Belt (a part of the Circum-Ungava 
Geosyncline) and consists of Aphebian supracrustal rocks and 
Archean basement rockse The Wakeham Bay area occupies a key 
position in the Circum-Ungava Geosyncline, because the 
basement-cover relations are well exposed, a complete cross- 
section of the Belt is available, and the area is situated 
at a major change in trend of the Geosynclinee It thus 
offers the opportunity to study the evolution of an Aphebian 
fold belt, through sedimentation, volcanism, deformation, 
and metamorphism, and its relations to the Archean basement, 
as well as the effect of the Hudsonian Orogeny on this base- 
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The aim of the present work is to study the vari- 
ous aspects of the geology of the area in order to unravel 
its history from Archean to Quaternary times from the view 
point of the evolution of the Canadian Shielde Within this 
framework, the investigation of the Hudsonian metamorphism 
is emphasized and leads to an ancillary study: the develop- 
ment of e geothermometere Another ancillary study leads to a 
new method for rapid chemical analysis of rock samplese 

The Wakeham Bay area includes the part of New- 
Quebec situated between latitudes 61°15'N and 61°45'N, and 
longitudes 73°W and the coast of Hudson Strait, ieee appro- 
ximately longitude 71°30'W. It embraces about 3400 km? of 
which some 1400 km? are Aphebian rocks, the remainder being 
the Archean basement (Fige 1). 

Mapping of the area was initiated by the Quebec 
Department of Natural Resources because of its economic po- 
tential; the nickel-copper deposits of New Quebec Raglan 
Mines Ltd (16 million tons averaging 2-58% Ni and 0.71% Cu: 
Canadian Mines Handbook 1977-78) occur in Aphebian rocks 
which extend into the Wakeham Bay areae The Aphebian rocks 
which form the eastern termination of the Cape Smith Belt 
(Churchill Province) were the main targete 

Mapping, initially a three year programme, began 
in 1971, continued in 1972, but was discontinued in 1973 
following a change in policy at the Quebec Department of 
Natural Resourcese By that time some 1800 km?, including 


more than 3/4 cf the Aphebian rocks, had been mapped; a por- 
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Figure 1. Location map of the Wakeham Bay area. 


tion across the Belt in the central part and the one in the 
SE quarter of the area remain unmappede AS a result some of 
the stratigraphic and structural relations are not as clear 
as could be desired and the metamorphic zonation had to be 
extrapolated, from the western to the eastern map area, to 


produce a comprehensive modele 


22 PREVIOUS WORK 


The Wakeham Bay area per se had not been mapped 
previously, except at reconnaissance scale or locally by 
mining companies during exploration in the late 1950's and 
early 1960"s. A good summary of early exploration of the 
Ungava Peninsula is given in Stevenson (1968 )e 

The Cape Smith Belt was explored for sulphides in 
the early 1930's (Airth, 19333 Gunning, 1933). The central 
part of the Belt was mapped by the Quebec Department of 
Natural Resources (Beall, 1959, 19603 Bergeron, 1957, 19593 
De Montigny, 1959; Gelinas, 1962; Gold, 1962). Kretz (1960) 
made a reconnaissance map of the northern part of the Ungava 


Peninsulae Stevenson (1968) mapped the area south of 61°N.?! 


1 The area north of 61°N was mapped in 1973 (Taylor, 1974). 
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ge CLIMATE 


The area has an arctic climate with strong marine 
influencee Summers are cool, wet, and windy with average 
maximum daily temperature of 10°C in July and Auguste The 
plateau is cooler than the coast and low-lying valleyse A 
few days reach 25 to 30°C. Precipitation although not abun- 
dant is frequent; fog is common in summer, mainly near the 
coast, and may become a problem in the use of helicopters. 

The snow cover has sufficiently decreased, to 
start field work, by the end of June along the coast, and in 
the second half of July on the plateaue The ice break-up 
starts in early July along the coast, but ice remains till 
the end of July on lakes, at altitudes above 500 me On these 
lakes ice starts to form again in the second half of 


September. 


e VEGETATIO WILDLIFE 


The area Lies some 300 km north of the tree line. 
Vegetation is sparse and consists of lichens, moss and her- 
baceous plantse A few shrubs, mainly alder, are to be found 
on protected slopes and in low-lying valleyse 

Wildlife is not very abundant. Mammals consist of 


lemmings, bears and foxes on land, seats and belugas in the 
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coastal waters; polar bears are occasionally seene Caribou 
are absent from the area now and can only be found 50 to 100 
km to the south; however, the occasional antler encountered 
on the plateau testifies to their past presencee Canada 
geese, several species of ducks, and hawks, ptarmigans, snow 
owls, gulls, terns and toons, as well as numerous smaller 
birds were sighted. Lakes and rivers contain trout and 
arctic chare Mosquitoes and black flies are of little con- 
cern, except during the warmest summer days in wind pro- 
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Se PHYSIOGRAPHY 


The Wakeham Bay area is situated along the Hudson 
Strait in the northeast of the Ungava Peninsulae [It is at 
the junction of the Larch Plateau, the Povungnituk Hills, 
and the Sugluk Plateau physiographic regions of the Canadian 
Shield (Bostock, 1970). 

The Larch Plateau rises slowly from an altitude of 
about 1000 feet in the central part of the Ungava Peninsula 
to about 1900 feet in the map areae The Sugluk Plateau con- 
tinues this peneplaned surfece at an altitude of 1900 feet 
to the Hudson Straite In the two plateaux, underlain mainly 
by Archean granitic and gneissic basement rocks, the relief 


is subdued, consisting of low-rolling hills, with an irregu- 
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lar drainage and numerous lakese The only interruption in 
the landscape of the Larch Plateau is the New Quebec Crater, 
rising some 400 feet above the peneplaine 

In the western part of area, the east-west tren- 
ding Povungnituk Hilts underlain by Aphebian sedimentary and 
volcanic rocks, cut across the peneplain in two ridges, 
Monts Lune! and Mont Giraffe-Mont Umiak, separated by the 
Wakeham River valleye The Vicenza River valley forms a 
broad, low-lying area between Mont Giraffe-Mont Umiak and 
the slightly higher Larch Plateau to the southe The highest 
point of the area, and of the Ungava Peninsula, at 2275 
feet, is located in the Monts Lune north of Lac Felixe [In 
the Povungnituk Hills, the relief is more pronounced, consi- 
sting mostly of parallel ridges (cuestas) of gabbro silts or 
thick basalt flows. These ridges generally trend north- 
northweste Drainage is structure-controlled and tends to- 
wards a trellis patterne Lakes are less abundant than on the 
plateau and are smatllere 

East cf 72°25!" to 72°30"W, where the belt of 
Aphebian rocks is split into two narrow branches and is of 
higher metamorphic grade, the distinction between the two 
Physiographic types (basement rocks and supracrustal rocks) 
is less pronouncede Along the coast of Hudson Strait the 
Sugluk Plateau ends in high cliffse This Line of cliffs may 
be related to a fault structure as it is parallel to one of 
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1 for place names, see Figures 1 and 16 
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the major lineament directions of the area (see Chapter on 
structure). The height of these cliffs decreases from about 
1500 feet near Douglas Harbour to essentially nil at Cape 
Prince of Wales; at the mouth of Wakeham Bay they are still 
500 to 1000 feet highe At Joy Bay, the ground rises gently 
westwards from sea level to 1000 feet within about 10 kme 

In the first 10 to 20 km from the coast the relief 
is pronounced; the highlands have been dissected by glacial 
and fluvial erosione Deep glacial valleys with hanging val- 
leys and cirques, some with a tarn, are characteristic of 
the cliff-bordered coaste Some of the larger valleys are 
submerged forming deep fjords (Douglas Harbour, Wakeham 
Bay), others are already emerged (Ippijuag, the lower 
Vicenza River valley). 

The map area is composed of two main drainage ba- 
Sins: Wakeham River and Vicenze Rivere In addition, a few 
smaller rivers drain the area south of Wakeham Bay into Joy 
Baye 

The Lower parts of the valleys of the Wakeham 
River and Vicenza River are typical U-shaped glacial val- 
i the bottom of which rises to no more than 500 feet 
above sea level. The median part of the Vicenza River valley 
is a deeply incised V-shaped fluvial channele The Wakeham 
River Canyon (median part of the Wakeham River valley) ap- 
pears as a U-shaped glacial valley (possibly overprinting an 
earlier fluvial valley), undercut by a V-shaped fluvial 


channel. The upper parts of both the Vicenza River and the 
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Wakeham River valleys are fluviat valleyse Most of the tri- 
butaries to those two rivers, both in their upper and lower 
part, flow in fluvial valleyse A U-shaped glacial valley 

joins the east-west part of the lower Wakeham River valley 


through Lac Ruban to Joy Baye 


6. ACCESS 


Access to the area is either by boat or by air- 
craft. During the months of July to September, several boats 
service the settlements along Ungava Bay and Hudson Straite 
Maricourt (population about 200) is situated on Wakeham Baye 

Regular air service is available to Fort Chimo and 
Asbestos Hilt or Deception Bay from Montreal(Fige 1)-e Semi- 
regular flights out of a fixed-wing aircraft base in Fort 
Chimo bring mail and small supplies to the other settle- 


ments, except during freeze-up and break-upe 
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Je FIELD WORK 


In addition to topographic maps at a scale of 
1:50,000 and 1:250,000, air photos were available at a scale 
of about 1:30,000. Air photo interpretation was used to 
define the traverses to be done, on the basis of outrop 
availability and the complexity of the geologye Traverses on 
foot were run across the structural trend at an average 
spacing of 1-5 kme In addition, marker horizons and contacts 
were traced either on foot or with the helicopter. 

In 1971 the crew consisted, including the author, 
of 2 geolcgists, 3 field assistants, and a helicopter pilot; 
a helicopter engineer was occasionally presente The helicop- 
ter was a Hiller 12E (Skyrotors Ltd)e The material (camping 
gear etceee) as well as the fuel and oil for the helicopter 
were shipped to the base camp in Douglas Harbour just after 
the break-up (end of July). The personnel was flown into 
Douglas Harbour using the air strip at Raglane The helicop- 
ter was used mainly to set up fly-camps and bring in supp- 
liese However, its prolonged unavailability (mechanical 
problems) made it neccessary at the end of August to use 
back-packing to move a fly-camp and complete a 3-day tra- 
verse, in order to obtain at least one complete cross-sec-— 
tion of the Aphebian belte Field work lasted from July 25 to 
September ist. 

In 1972 the crew consisted, including the author, 


of 3 geclogists, 3 field assistants, one cook, a helicopter 
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pilot, and an engineere Two Inuits were hired as field assi- 
stant for a short period to increase the number of mapping 
crewse The helicopter was a Bell 47G3 (Heli Voyageur Ltd). 
In the early spring, gas and oil caches for the helicopter 
were made on the plateau with a ski-equipped aircrafte The 
personnel and material were flown into Maricourt before 
break-up, with additional supplies shipped later in the sum- 
mere Buildings made available by the New Quebec School Board 
were used as base camp for one months; the area near the 
coast was mapped during that timee By July 24, the snow 
cover on the Hilla + Soraumtiac sufficiently decreased, and a 
second base camp was set up on Wakeham River, south of Felix 
Lake. Crews were flown out of the base camps with the heli- 
copter and either walked back or were picked up at the end 
of the daily traversee Fietd work lasted from June 24 till 


August 26-6 
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CHAPTER ITI 


GENERAL GEOLOGY AND STRATIGRAPHY 


The Wakeham Bay area covers the eastern end of the 
Cape Smith Belt (Douglas, 1970). It consists of a gneissic 
basement of Archean age overlain by Aphebian sediments and 
velcanicse Two groups of diabase dykes are present, an early 
Aphebian one and a late Hadrynian one. 

The Archean rocks south of the fold belt are part 
of the Superior Province; the Aphebian rocks of the fold 
belt and the reworked Archean basement north cof it are part 
of the Churchill Province. 

The Aphebian rocks form a synclinorium with a 
shallow westerly plunge. East of 72°30'W this synclinorium 
ivides itself into a north branch, which ends NE of 
Maricocurt, and a south branch, which ends west of Joy Baye 
Several small basins of Aphebian sediments occur, one north 
of Ippijuaq, the others west and south of Whitley Bay (Fig. 
2)-6 


This synclinorium can be considered as a 
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geosyncline! and will be designated as such hereinafter. It 
consists of a eugeosynclinal domain in the north, containing 
mostly volcanic and immature sedimentary rocks, and a mio- 
geoclinal domain in the south, containing mostly more mature 
sediments and only minor volcanic rockse The miogeoclinal 
domain forms only a narrow margin in the western map area, 
but it may have extended much further south as witnessed by 
the small outlying basins mapped by Taylor (1974), and as 
postulated by Dimroth (1970). 

The geology of the Wakeham Bay area is shown in il 
maps (Fige 3-133 Fige 14 is an index to the maps and Table i 
is the legend) and a series of tectonic profiles (Fige 15). 
Table 2 shows the lLithostratigrarphic units mapped in the 
Wakeham Bay areae 

The oldest unit consists of Archean gneiss with 
minor amphibolite and paragneisses$; no stratigraphic sub- 
division could be made within the Archean in the map areae 
It is cut by a group of diabase dykes that are overlain by 
the Aphebian sediments and volcanic rocks, and deformed by 
the Hudsonian Orogenye The Archean rocks and early Aphebian 
diabases are separated by an angular unconformity from the 
Aphebian sedimentary and volcanie rockSse 


A cross-section through the geosyncline in the 


1 %_ mobile downwarping of the crust of the Earth, either 
elongate or basin-like, measured in scores of kilometers, 
which is subsiding as sedimentary and volcanic rocks accumu- 
late to thicknesses of thousands of meterse" (Gary et aley 
1972) 
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Table 2. Lithostratigraphic units of the Wakeham Bay areae 
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Quaternary Glacial and post-glacial unconsolidated 
deposits 


eeeee G2eoeeee 08 ©0828 2® angular unconformity @@ee2e280208 028008882 @ 
Late Hadrynian Diabase dykes 


eeeesecesecenvneeeeeee0e jntrusive contact es2se2eeeeevse2evneeece se 


Upper Volcanic Group: flow and pillow-ba- 
salts, pyroclastics, detrital 
sediments, ultramafic flows, 
peridotite to gabbro sills 

Lower Volcanic Group: flow and pillow 
basalts, pyroclastics, detrital 
sediments, gabbro sills 


<a ww ww we we ee es 9 we es ew ee we we ae 


Aphebian Volcano-Sedimentary Group: volcanogenic 
tuffs, minor basalt flows, 
pelites, sandstones, dolomite, 
ultramafic flows or sills, gabbro 
sills 


Pelitic Group: pelitic to psammitic 
schists, minor chlorite-schists 
and graphitic schistse 


es ee we ee ee ee ee ee ee 


Tren Group: oxide-, silicate-, and 
carbonate-iron formation, pelites, 
sandstones 

@®eeeeeeeeoeev es oeeene0s angular unconformity seecsenseeeeveneseen 
Early Aphebian Diabase dykes 


@eeeeeeeceeceveevenen0ee intrusive contact se2seee8ee2880098000200 


Archean Granitic to granodioritic gneisses, 
amphibolites, paragneisses, diabase dykes 
or sills. 
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western map area shows no angular unconformity within the 
Aphebian rocks, neither can the observed succession be di- 


rectly correlated with the Povungnituk and Chukotat Groups 
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of Bergeron (1957). Consequently the Aphebian stratigraphic 
succession shown in table 2 was defined, based on observa- 
tions along a N-S section between 72°40"W and 72°45"W, from 
the southern contact with the Archean to the central part of 
the Monts Lune. This section can be considered as the type 
locality or area of these informal stratigraphic unitse 

The Aphebian stratigraphy consists of two sedimen- 
tary units at the base (Iron Group and Pelitic Group) and 
two mainly volcanic units at the top (Lower and Upper 
Volcanic Group) separated by the Volcano-Sedimentary Group 
of mixed volcanics and sedimentse 

The Aphebian rocks and the Archean rocks are cut 
by a second group of diabase dykes of late Hadrynian agee 
These dykes, the Aphebian sediments and volcanics, the early 
Aphebian diabases dykes, and the Archean rocks are allt sepa- 
rated by an angular unconformity from the Quaternary glacial 


and post-glacial unconsolidated depositse 
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CHAPTER III 


STRUCTURE 


1. INTRODUCTION 


The general trend for the Archean foliation in the 
northern part of the Ungava Peninsula is northerly, but in 
the Wakeham Bay area it changes to NE and ENE3 the Aphebian 
rocks trend EW on averagee 

Within the area mapped, the depth of erosion of 
the belt increases eastwards, ieee the grade of metamorphism 
increases, deformation becomes more plastic, and the Archean 
rocks become more penetratively deformed by the Hudsonian 
Orogeny, together with the Aphebian rockse 

The Archean trend south of the belt varies from 
north in the West to ENE in the Easte North of the belt the 
trend varies from about NS, NW of the Monts Lune, to EW, 
east of there; it is also EW in the Archean block south of 
the lower Wakeham Valleye In the peninsula between Wakeham 


Bay and Joy Bay, the trend of the Archean rocks is EWe 
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The Aphebian rocks have an ESE to EW trend3 local 
variations exist, mostly around the southern and eastern 
edge of the belt. 

The area may be subdivided into a western part (W 
eof 72°32") and an eastern part (E of 72°20')3 the belt was 


not mapped in detail between the two parts. 


LARGE E T 


On the topographic maps and the air photos several 
large scale Lineaments may be seene These can be grouped 
into three main trends; they are: EW, NNE to NE, NW (Fige 
16 )e 

In the first group the most prominent ones are the 
lower Ippijuaq Valley, the lower Wakeham Valley, the central 
part of Wakeham Baye In the second group are the eastern and 
western parts of Wakeham Bay, the upper part of Ippijuagqg 
Valley, part of Wakeham Valley (from the first to the second 
bend inland) and possibly Douglas Harbour (a fjord north of 
Fige 16)e The main glacial trend*in the area is parallel to 
this group of lineaments and enhances ite The third group 
consists of lineaments parallel to the coast of Hudson 
Strait: one along Stupart Creek, one through the village of 
Maricourt and several north of Wakeham Bay; they do not 


eccur further inlande 
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The first two groups seem to cccur essentially in 
Archean rocks, whereas the third group occurs equally in 
Archean and in Aphebian rockse This third group is also 
parallel to numerous tension joints (calcite or quartz 
filled) that are best observed on Ford Pointe 

These Lineaments probably represent jointing 
and/or faultinge Faults have been observed along Lineaments 
of the first and third group, but none parallel to the 


second groupe 


e ARCHE CKS 
The Kenoran Qrogeny metamorphosed and deformed the 


Archeen rocks, producing high-grade gneisses and amphibo- 
lites with a good foliation (gneissosity), the trend of 
which varies as described abovee In the western part of the 
area, only a narrow strip of Archean rocks was included in 
the mapping, along the Archean-Aphebian contacte The mono- 
tonous quartzo-feldspathic gneisses observed there did not 
disclose any foldinge In the eastern part of the area, 
layers of amphibolite and of paragneisses illustrate the 
Kenoran folding overprinted by the Hudsonian foldinge The 
Kenoran fold axes seem to have a shallow to intermediate 


easterly plunge (see geological maps )e 


The Budsonian Orogeny has affected the Archean 
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rocks differently in the east and in the weste In the west, 
little, if any, penetrative deformation (schistosity or fo- 
Liation) was observed that appears related to the Hudsonian 
Orogeny, except locally within the first metre from the con- 
tact (Fige 17) « The stress release was confined to narrow 
shear zonese However, slivers of Archean gneisses occur lo- 
cally in anticlinal position in hectometric to decametric 
faulted folds of Aphebian rocks (see Fige 18)e In the east, 
at least within the peninsula between Wakeham Bay and Joy 
Bay, the Archean rocks are penetratively deformed and folded 
together with the Aphebian rocks and will be included in 
their discussion belowe The contact between the Archean and 
the Aphebian rocks appears structurally concordant; no fault 
was observed along it, and in several places there occurs a 
layer, 5 to 50 cm thick, of what seems to represent a meta- 
morphosed regolith (paleosol?), both along the northern and 
along the southern contacte The northern contact is steep, 
vertical to 70S3 the southern contact is sub-horizontat in 
the west and its dip steepens eastward to about 45N by 


72°25*W, and to about 7ON by 71°S55'W. 
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4. _A BIA OCKS 


A GENERAL DESCRIPTION and METHOD of STUDY 


The Aphebian rocks consist of diabase dykes and of 
supracrustal rocks (Iron Group, Pelitic Group, Volcano- 
Sedimentary Group, Lower and Upper Volcanic Group)e The dia- 
base dykes intruded the Archean rocks only and behaved 
during the Hudsonian Orogeny Like the Archean rockse [In the 
West they are retrogressed but undeformed; in the East they 
are retrogressed and deformed (folded and faulted). 

The Aphebian supracrustal rocks have been folded 
and faulted, during the Hudsonian Orogeny, throughout the 
belte The tectonic style of the Aphebian rocks varies marke- 
dly in response to changes in metamorphic grade, total 
thickness of the stratigraphic sequence, as welt as the 
thickness, competence, and homogeneity of the individual 
lithologic unitse The observed folding varies from simple 
(one phase) te complex (multiphase) folding; up to four 
phases of folding have been observede The complexity of the 
folding tends to increase with the metamorphic grade, ieee 
from west to easte It also changes with the stratigraphy, 
ieee the base of the sequence, composed of thinly bedded, 
varied sediments, is more complexly folded than the higher 
parts of the sequence, composed of thick units of basic vol- 


canics and sillse 


Puy y 
Vig Tit» j a nM 


neure: te + conti nee woreusoett 
had 4 ; if 

Yo baw #a0Nh aasdeidh tH vagal a anon: 
qamekow, mea x42 Die HOD sent ani th ‘i 
~athoaat?. «hese 4) ao hit ead pox” 3 
Hee ted. fa. ‘ed re a 2 uih hs , 

le ae 
aint at <2 ko er cn er wee . | 
ye? a. wae mb + sabia aii red 


thes ting Taft), nner: 


att teoadgrontt TT, minke ee . 
-sian Be bony oad an beter per wun < pal 
faregr) ae eri i! mommies ot ah 

ott an Dfee en soneUE ee sitanoaiten ts ott | 


shtyvibnk: eaeee 7 banamomed eae. a 
aS qk mp} soaiwat jar Ets ot frankie oar Phibaltiaaill 


, 


ry was ay hth oy Cinidinchog ht dine? eatamor oF a 

ewe! ? 6 ee iben paen wah ofa shes svat an 7b sok: 
eaek eenean 2K wae ct ine a Senet a? 
~edeeaw bf arre eae dthe onpaede eeta 1 wenere of: 
»habhed wihtdt) To des yaaee pondalions oft to send’ car's 
asipid #0? had Seese® tl xa Sama sow at ya tn amt bee 


eJov olend +0 o34fnu' sohbet Se) ae pepeeeee oat 12 


J ut « 


23 


West of 72°30'W, the Aphebian belt consists of one 
large, very asymmetric synclinal structure, the axis of 
which runs parallel to and about 4 km south of the northern 
limit of the belt. The north timb dips steeply southward; on 
the south Limb, dips vary from shallow in the south to in- 
termediate in the northe East of 72°30'!W, the belt splits 
into two synclinese The one south of the Ippijuaq Valley is 
prolonged by several isolated basins near the coast of 
Hudson Strait; the one north narrows and ends in the penin- 
sula east of Maricourt (Fige 2 )e 

The structural data (foliation, lineation etceee ) 
gathered in the field have been compiled and grouped into 
areal domainse Equal area projections of measurements made 
in each domain were prepared by computer and hand-contourede 
The orientation of the eigenvectors and their eigenvalues 
were also computed for each population. The computer pro- 
grammes were made available by HeAeKe Charlesworth. A de- 
scription of the technique is given in Charlesworth et ale 
(1976) and Cruden (1968). 

The spatial distribution of a set of structural 
measurements may be visualized as an ellipsoid with its lon- 
gest axis corresponding to the maximum of the distribution 
of measurements and its shortest axis to the minimume The 
eigenvectors correspond to the three axes of the ellipsoid 
and the eigenvalue are a measure of their lengthe Three main 
types of distribution may be recognized in terms of eigenva- 
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1- one large and two small eigenvalues: a distribution with 
one maximum; 

2- one small and two large eigenvalues: a great circle dis- 
tribution; 


3- equal or nearly equal eigenvalues: uniform distribution. 


In the case of cylindrical folding, the poles to 
the folded plane are distributed along a great circle and 
the fold-axis is parallel to the eigenvector associated with 
the smallest eigenvalue, perpendicular to the great circlee 

The number of structural measurements available 
was not sufficient to do a detailed structural analysis of 
all the major folds; hence the mapped area was subdivided 
according to variations in local trend and rock type in 
order to obtain domains which were as homogeneous as possi- 
ble. These are used to illustrate the regional variations in 
tectonic stylee From there, an attempt is made to elucidate 
the mechanisms and causes of the Hudsonian deformatione This 
will be integrated with other structural observations into a 
model of the tectonic evolution of the Wakeham Bay area as 
part of the Cape Smith Belt. Figure 18 shows the Seis 


domains with pi diagrams of the foliation of each domaine 
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B WESTERN MAP AREA 


Domains 1 to 6 occupy the northern part of the 


western map area; they are separated from the rest of it by 
@ sub-vertical fault, which forms a distinct EW Lineament. 
These demains show relatively simple pi diagrams (Fig. 19) 
in accordance with the thickness and competence of the Upper 
and Lower Volcanic Groups which predominate heree They have 
either a type 1 distribution (domains 1, 3, and 6) or a type 
2 distribution (domains 2, 4, and 5). The trend of the axial 
part of the geosyncline (278/7) is defined by a combination 
pi diagram of domains 3, 4, 5, and 6 (Fige 20). 

In domai » two faulted folds have been mapped 
(Fige 21) « Fold 1, at the Archean contact, is a small syn- 
cline in the Pelitic and Volcano-Sedimentary Groups, open to 
the east, with a sliver of Archean gneisses in the faulted 
anticlinee Fold 2 is a large syncline in the Lower Volcanic 
Group, open to the west; its south limb is faulted offe This 
fold is only the nose of a larger syncline mapped west of 
the area by Gold (1962). The axes of these two folds cannot 
be deduced from the available foliation measurements; but 
the axis of the larger syncline is probably parallel to the 
270/43 direction of minor fold axes (Fige 19)-e The axis of 
fold 1 must plunge in a south-easterly direction and this 
fold corresponds thus to a different phase of folding than 
fold 2. 


In domain 3, several small folds, one faulted, 
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n=34 n=15 


M: 115/808s A: 296/10 


M: 115/90 


domain 1 domain 2 


n=36 n=56 


0 M: 106/79s ALO2 ee 
domain 3 domain 4 
n=28 ~ n=100 


Ai285/3 M: 87/42N 


domain 5 = domain 6 


Fig. 19. Equal-area lower hemisphere projection. The contoured data 
corresponds to foliations. Contours are at .5,10.207. for n< 20: at 2.5. 
104 for 20en<50; at 1,2,5,10% for n>50. The orientation of axes to 


great circles (A) and maxima of contoured data (M) are marked on the 
left of the diagrams. 


ofyart.25 
eet eM 


i 


n=220 n=70 QO 


A: 278/7 Ny) ' M: 71/28N 


Soe 
domains 3+4+5+6 domain 7 


n=143 


domain 8 domain 7+8 


n=26 


\ 
\ be Bets 


domain 10 domain 9 


Fig. 20. Equal-area lower hemisphere projection. The contoured data 
corresponds to foliations. Contours are at 5,10,20% for n<20; at 2,5, 

eo —— 10%: for 20<n<'50; at 1/2,5 10% for n>50. The orientation of axes to 
great circles (A) and maxima of contoured data (M) are marked on the 
left of the diagrams. 
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Fig. 21. Folds in domain | (legend in table |.), 
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occur below the Lower Volcanic Group; they are of the same 
type (E plunging axes) as fold 1 in domain 1. The minor fold 
axes recorded form two groups, one plunging SW, one plunging 
Ee This last one should correspond to the folds mapped in 
the rocks below the Lower Volcanic Groupe 

Domain 2 is situated to the south of domain 1 and 
is separated from it by a faulte No folding was observed in 
this domain; but numerous shear zones and one fault were 
observed, sub-parallel to the trend of the rockse These may 
represent tight vertical faulted foldse This domain corres- 
ponds to the axial zone of the geosyncline at this longi- 
tude. 

The pi diagrams of domains 4 and 5 show a great 
circle distribution with a shallow easterly dip for domain 4 
and a shallow westerly dip for domain 5, illustrating the 
axial culmination that occurs in the central part of the 
Monts Lune at the Limit between these two domainse 

No folding or faulting was observed in domain 6e 

Domain 9 consists of the Iron Group, the Pelitic 
Group and the Volcano-Sedimentary Group in the Wakeham River 
Valleye The pelites and tuffs are complexly folded. The pi 
diagram (Fige 20) shows a great circle distribution with 
some lateral spreading suggestive of refoldinge A diagram of 
linear features (minor fold axis, mineral lineations etceece ) 
shows a variety of subhorizontal directions with 4 maximum 
to the WNW (Fige 22 )-< 


Domains 7; _8:_10,_11 and 12 constitute the remain-~ 
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n=102 


A: 308/24 


domain 9 (lineations) domain 13 


A1l:265/10 
Ale) oe) 30 
A3: 308/24 


n=86 


Ad 6370 
AZ 25760 /12 
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domain 14 domain 15 


Fig. 22. Equal-area lower hemisphere projection. The contoured data 
corresponds to foliations, exeept where noted otherwise. Contours are 
at 5,10,202) far neead freti 235 MOZafor 20 mm 60 sirat? 192 354107 Mor n>50: 
The orientation of axes to great circles (A) and maxima of contoured 
data (M) are marked on the left of the diagrams. 
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der of the Lower Volcanic Group in the western areae In this 
group of domains, the Lower Volcanic Group is folded into a 
broad, open anticlinal-synclinal paire The anticlinal axial 
zone is located more or less along the Wakeham River and 
faulted in a NW-SE direction along the river, below Mont 
Ptarmigane The axial zone of the syncline is more difficult 
to define because it is a very open, broad folde The nose of 
this fold constitutes domain 12 and is faulted off along the 
northern Limit of domain 11. It is underlined by the topo- 
graphy of Mont Umiak and because of this is clearly visible 
on the geolegical map; the same phenomenon occurs again on 
the east slopes of Mont Ptarmigan were the syncline, slight- 
ly less open SE of the fault along the river, is clearly 
underlined by the topographye The pi diagrams of domains 7, 
8,_and 10 (Fige 20) show simple type 1 or type 2 distribu-~ 
tionse In domains 7 and 8, the directions are similar to 
those of domains 1 to 6, but in domain 10 the trend has 
changed to NW-SEe 

The pi diagrams for domains 11 and 12 (Fige 22) 
are more complex and akin to those of domains 14 and 15 with 
which they will be discussed belowe 

South of the Lower Volcanic Group we come into the 
Volcano-Sedimentary Group with, from west to east, domains 
13, 14, and 15. Folding was observed, and mapped, in the 
field throughout this zonee 

In domain 13, an anticline-syncline pair was 


mapped in the NW corner; the anticline is almost entirely 
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covered by Quaternary deposits NW of Lac Vicenza, but is 
quite visible west of 73°00'W in the area mapped by Gold 
(1962). This fold affects rocks of the Volcano-Sedimentary 
Group as well as rocks from the base of the Lower Volcanic 
Groupe Further east as well, minor folding was mapped, over- 
lapping the Limits of these two units along the boundary of 
domains 10 and 13. The pi diagram of domain 13 (Fige 22) 
shows a great circle distribution with an axis at 308/24. 

In domain 15 the Volcano-Sedimentary Group, below 
the synclinal fold nose of domain 12, is strongly folded 
into what appears to be a series of recumbent folds, proba- 
bly with thrust faults paralleling some of the axial planes. 
The geological map shows only partly the complexity of this 
domaine 

The pi diagram for domains 11,_12,_14,_and 15 
(Fige 22) do not show clear great circle distributionse But 
a plot of linear structures for domains 14 and 15 (where a 
sufficient number of measures of fold axes, crenulations and 
mineral Lineations was available) shows four maxima at 80/0, 
40/10, 5/20, 310/15 (Fige 23) « Taking this into account, it 
follows that the distribution of poles to foliations for 
these four domains may be explained by a combination of 3 
great circle distributions with axes near 3 of the 4 maxima 
of the diagram of linear structures: 

-domain 11: 265/16, 53/28, 3203;/20 
-domain 12: 265/10, 36/36, 308/24; 


-domain 14: 82/4, 51/22, 322/20; 
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a ro. iy WP RSs 
n=41 n=44 / 
Ml: 80/ 0 
M2: 40/10 M: 80/17N 


Bae 5 (20 
M4: 310/15 


domains 14+15 (lineations) domain 16 


n=46 


Jl pes WK oy ph eas, 
M: 62/25N 


domain 17 domain 18 


n=186 


Al:- 40/20 
Ag: "350,15 
AS: °280/ 6 
M: 72/18N 


domain 19 domains 16+17+18+19 


Fig.23, Equal-area lower hemisphere projection. The contoured data 
corresponds to foliations, except where noted otherwise. Contours are 
Pa Uw GerOr hw gos eat 2 S072 tor 20< n<..50* at: 12,5504 for po 50, 
The orientation of axes to great cicles (A) and maxima of contoured 
data (M) are marked on the left of the diagrams. 


—— 
1 7% 
A I\OR a, i ve 


~ » 
° as 

: ' f 
ede | ae 


a, / ve “hats 


ie we. Hf ie ais a 


ee at a 


1 4. 


TO aed A hey a S Seen 
ag a Bi aes | 


eeyebr + fh" 


igh @ruo Faoo pees 120 bs: 
ec 20% 201, err a a, 408 ee 


bomuor.iuD 30 sme: Fae” 


34 


-domain 15: 83/0, 60/12, 320/20. 


From this one may conclude that the rocks in 
domains 11, 12, 14 and 15 have been subjected to four phases 
of folding, one of which consists only of a broad warping, 
an undulation (as observed in the field), and is represented 
by a few NS linear structurese The EW phase consists of re- 
cumbent, almost isoclinal foldse The NE and NW phases both 
consist of more open folds with axial planes dipping respec- 
tively to the NW and NE-e 

Further south, we come into the Pelitic Group 
(domain 16) and the Iron Group (domains 17,_1%,_and 19). 
This area is complexly folded, at teast at small scales no 
major folds have been mappede But this folding does not show 
on the pi diagrams which show only single maxima (Fige 23)3 
only domain 17 shows a distribution that might be attributed 
to the superposition of 2 great circles with axes at 274/5 
and 350/30. A good representation of the complexity of the 
folding is shown by a diagram of minor fold axes for the 
area, in which one may recognize the following maxima (all 
with shallow plunges): 0, 30-50, 300-320, and 250-260. The 
mineral tineations, not included in this diagram, are tren= 
ding north with a shallow plungee A diagram of poles to 
axial planes, for the same area, shows one maximum (sub- 
horizontal) and a great circle with an axis at 302/16, pos- 
sibly another with an axis at 66/6. 


The pattern in this group of domains (16, 17, 18, 
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and 19) presents a similarity to that of domains 11, 12, 14, 

and 15. And from this, one may attempt to establish a 

chronology of deformation, valid at least for the southern 

part of the western area, and based on the following obser- 

vations: 

1- Four phases of folding may be recognized, based on the 
distribution of planar and linear structurese 

2- In the field, three types of folds have been observed: 
recumbent, sub-isoclinal; inclined, open; vertical, very 
opene 

3- The mineral lLlineations, at least in the southern most 
domains, trend north with a shallow plunge. 

4- The crystallization of the metamorphic minerals appears 
syntectonic to late tectonice 

5S- A diagram of axial planes shows refolding around a NW 


axis, possibly also around a NE axisSe 


The chronology should therefore be: 


Fis recumbent, sub-isoclinal folds with sub-hori- 


zontal EW axese 


F2 and F393: inclined, open folds;. fold axes have a shallow 
plunge to the NW and to the NE respectively, 
the axial plane have an intermediate northeast~- 


erly and northwesterly dipe 


F43s vertical, very open folds; the axes have a 
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shallow northerly plunge. 


The relative ages of F2 and F3 cannot be deter- 


mined at this pointe 


C EASTERN MAP AREA 


Domains 20 to 23 contain mainly rocks of the Lower 
and Upper Volcanic Groups and show relatively simple struc- 
turese By contrast, domains 24, 25, 29, 30, and 31 which 
contain a larger proportion of rocks of the lower groups, 
where the Upper Volcanic Group is absent and the Lower 
Volcanic Group thinner, and where, in particular in domain 
30 and 31, the metamorphic grade is higher, show complex 
fold structures.e The complexity of these structures can only 
be partially shown on the geological mapSe 

Domains 20 and 21 consist of a large syncline with 
a shaltow westerly plunging axise A series of neariy verti- 
cal folds, one of which contains a sliver of Archean rocks, 
was observed on the east wall of the Wakeham Valley, near 
the outlet of the River (see inset in Fige 18). In the SE 
corner of domain 21, just north of Lac Ruban, the lower part 
of the Aphebian section, including the contact with the 
Archean, is folded into an open anticlinee 

The pi diagram for domain 21 (Fige 24) shows a 


broad maximum that can be explained by the superposition of 
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domains 16+17+18+19 (fold axes) domains 18+19 (poles to axial planes) 
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Fig. 24, Equal-area lower hemisphere projection. The contoured data 
corresponds to foliations, except where noted otherwise. Contours are 
Pie. cUAr LOL Ne cine at 29.10, for 2Oern <= 503. at lcs, 206 cor nO. 
The orientation of axes to great circles (A) and maxima of contoured 
data (M) are marked on the left of the diagrams. 
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a great circle with axis at 274/10 (general trend of the 
geosyncline) and one with axis at 51/10 (the open anticline 
north of the Lac Ruban )e 

In domains 22 and 23 the Upper Volcanic Group 
rocks form an EW elongated basine Some minor folding was 
mapped in the sediments and tuffs at the base of this basine 
The pi diagram for domains 22 and 23 (Fige 24) show great 
circle distributions with axis plunging respectively E and 
W, in accordance with the basin structuree 

Domains 24 and 25 consist of rocks of the Iron 
Group, the Pelitic Group, and the Volcano-Sedimentary Group, 
and some of the Lower Volcanic Groupe Two large fold struc- 
tures were mapped in these domainse Fold 1 is a long, iso- 
clinal recumbent, EW syncline, closed at both ends, with 
several minor anticlinese Its core consists of rocks of the 
Lower Volcanic Group, separated from the main body of Lower 
Volcanic Group rocks to the north.e Its axis is essentially 
horizontal, EW in domain 24, changing to SW-NE in domain 25-6 
It is refolded into an open fold with a N to NW axise Fold 2 
occurs in the Iron Group and the Pelitic Groupe It is marked 
by Metis of iron formation and is similar in shape to the 
first fold, but slightly more open and not as long. The 
northern half of domsin 25 appeared complexly folded, but 
outcrop conditions precluded any accurate mapping of these 
structurese They do not appear on the pi diagram (Fige 25) 
eithere 


Domain 26 corresponds to a small EW elongated 
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be 267/13 
M:. 83/39N 


domain 24 domain 25 


DLS 
n=39 
A: EW/0 to J 
SW-NE/0O Asa2Gih/25 
76/43N 


Ade 2a07° 9 
tows) 
A2= 278/30 


Al: 286/25 
AZ ae! a 


domain 28 domain 29 


| a ae es Equal-area lower hemisphere projection. The contoured data 
corresponds to foliations. Contours are at 5,10,20% for n<20; at 2,5, 
ie for 20<n< 50; at /1l,2,5,10% for n>50. The orientation of ‘axes ‘to 
great circles (A) and maxima of contoured data (M) are marked on the 
left of the diagrams. 
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basin of Iron Group and Pelitic Group rocks within Archean 
eneisses and amphibolitese The contact with the Archean 
traces several folds (see geological map)e The pi diagram 
for domain 26 (Fige 25) shows a great circle distribution 
with a horizontal axis varying from nearly EW to SW-NE and a 
maximum corresponding to an average trend of 76/43N. 

Domajns 27 and 28 are the Archean rocks between 
the Ippijuag and the Qikirtaalualuk lineaments (27: western 
half; 28: eastern half). The trend of the Archean rocks in 
these domains is EW like that of the Aphebian rocks;$ but 
this is probably more a coincidence than a result of the 
Hudsonian deformation, as this trend remains unchanged fur- 
ther to the SW, outside of the main zone of Hudsonian defor- 
matione Indeed folded amphibolite layers mapped in domain 
28, north of domain 26, are discordant with the Hudsonian 
structure; an anticline in the Archean underlies a minor 
synclinal refolding of the Aphebian basin (see geological 
map and cross-section)e The pi diagram for domain 27 (Fige 
25) shows a simple great circle distribution, but the pi 
diagram for domain 28 (Fige 25) shows a maximum that could 
be considered as made up of a great circte with axis at 
286/25 and one with axis at 55/20, corresponding to the fol- 
ding illustrated by the amphibolite lLayerse 

In the rest of the area (domains 29 to 35), the 
Archeen rocks have reacted to the Hudsonian deformation by 
folding in the same manner as the Aphebian rocks which form 


a syncline trending SW in the western part of domain 293 
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further east it splits into a NE trending branch, the end of 
which forms a complex fold-structure (Qialik Structure), and 
an east trending branch which ends a few miles further east. 
Domains 22 and 30 correspond respectively to the SW and to 
the W trending parts of the synclinee 

Domain 31 consists of the Archean rocks north of 
the syncline, including the Qialik Structuree This structure 
contains the end of the north branch of the syncline, folded 
together with the Archean rockse In the Qialik Structure, 
the NE trending syncline of Aphebian rocks is refolded: 
1- by an EW syncline, to form an EW elongated basin3 
2- by an anticline with a shallow easterly plunge, to form a 


crescentic antiformal hbasine 


A small flat-lying outlier occupies the centre of the cres- 
cente Amphibolite layers within the Archean aid in illustra- 
ting this structure and, more generally, the EW phase of 
foldinge 

The pi diagrams for domains 29, 30, and 31 show 
rather complex distributions that may be explained by the 
superposition of three trends: EW, NW-SE, NE-SWe The pi dia- 
gram for domain 31 (Fige 26) is slightly more complex than 
these of domains 29 and 30 (Fige 25)3 it consists of two 
great circles with different patterns of scatteringe The 
first shows more scatter in the foliations with steep dips 
than in those with shallow dips, resulting in an axis of 


variable direction (from 310/20 to 73/20); this may be ex- 
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: 318/ 0 
A2: 218/0-40 


domain 31 


domain 35 


270/30 
£07 305/30 


domain 32 domain 33 


“Fig. 26. Equal-area lower hemisphere projection. The contoured data 
coeresponds to foliations. Contours are at 5,10,20% for n<203; at 2,5, 
107. for 20<n< 0 vatid.2 3,102. for nm >50. The ortentation of axes to 
great circles (A) and maxima of contoured data (M) are marked on the 
left of the diagrams. 
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plained by a change in trend from the western to the eastern 
part of the domaine The second shows more scatter in the 
foliations with intermediate to shallow dips than in those 
with steep dips, giving an axis at 218/0-403 this scatter 
appears to be the result of refolding along a shallow plun- 
ging axis which trends more or less perpendicular to the 
refolded one, and which could for example be the axis of the 
first great circle. The pi diagram for domain 31 illustrates 
thus clearly the chronology of deformation that resulted in 
the Qialik Structure: 

1- folding along a SW trending axis$ 


2- refolding along an E trending axise 


A small refold of the Archean-Aphebian contact 
near the eastern end of the geosyncline (domain 30) is prob- 
ably akin to the Qialik Structure. 

Domains 34 and 35 consist of Archean rocks, east 
ef the end of the north branch of the geosyncline, in which 
this structure is iltustrated by four major horizons of 
basic rockse Two of these, amphibolites, are typical re- 
folded folds; the Kenoran (?) fold axes trend E to ENE and 
the plunge seems moderatee The two other layers appear to 
have been folded only once, by the Hudsonian deformation; 
one of these is clearly a diabase sili (or NW dipping dyke) 
with a relict ophitic texture; it is probably of early 
Aphebian age, of the same group as the diabase dykes ob- 


served elsewhere in the area, cutting Archean rocks and 
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overlain by the Aphebian supracrustal rocks; the other 
layer, towever, is an amphibolite similar to the two re- 
folded ones, ieee metamorphosed during the Archean; it may 
correspond to a late- to post-tectonic sille The pi diagrams 
for domains 34 and 35 (Fige 26) show only the effect of the 
Hudsonian deformation, with a NW-SE trende The scatter of 
points in the diagram for domain 24, as well as the relati- 
vely steep dip of the axes suggest that a certain amount of 
control of the Hudsonian structures by preexisting Kenoran 
structures, has taken placee 

Domain 32 and 33 are the Archean rocks between the 
Qikirtaalualuk lineament and the main Aphebian synclinee In 
domain 32 the foliations in the gneisses suggest an 
anticline-syncline pair, more or less parallel to the con- 
tact with the Aphebian rockse The pi diagram (Fige 26) shows 
a great circle with axis similar to that of the adjacent 
domain 25. In do n 33, the pattern of foliations suggests 
folding, but the absence of marker horizons hindered the 
mapping of any folde The pi diagram (Fige 26) shows a great 
circle with an axis between 270/35 and 350/30, reflecting a 
change in trend within this domain similar to the change in 
Gee from domain 30 to domains 34 and 35-6 

In the eastern map area, three phases of deforma- 
tion may be recognized: EW, NW-SE, and NE-SWe The NS phase, 
observed in the western map area, appears to be absentee The 
chronology of the phases is also different from the western 


map area; the EW phase is still the major phase of deforma~ 
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tion, but it is later, at least locally, than the NE-SW 


phase and contemporaneous with the NW-SE phasee 


Se DISCUSSION 


In the Wakeham Bay region two major periods of 
deformaticn can be recognized. The first, related to the 
Kenoran Orogeny, affected the Archean rocks only; it was a 
penetrative deformation producing a foliation, folding and, 
probably faultinge The second, related to the Hudsonian 
Orogenyy, affected both the Archean rocks and the Aphebian 
rocks, albeit ina different manner. 

In the Aphebian rocks, the tectonic style varies 
in response to changes in competence and thickness of the 
lithologic units, and to changes in metamorphic gradee 

Where the Hudsonian metamorphic grade was low to 
medium, the Archean rocks reacted as an indurated basement 
ie€e, the fide ditiecd metamorphism was not penetrative and 
movement was concentrated along faults and narrow shear 
zonese But where the Hudsonian metamorphism was of higher 
grade, the accompanying deformation affected the Archean 
rocks penetratively and folded them in the same manner as 
the Aphebian rockse In the Aphebian rocks the change in 
style with metamorphic grade is not so great; faulted folds 


are more common in the low metamorphic grade parts; the 
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upper portions of the stratigraphic section (the thick se- 
quence of sills and flows) are characterized by large open 
folds, whereas, the lower portions (more thinly bedded sedi- 
ments and tuffs) by more appressed, smaller foldse 

The topographic maps and the aerial photographs 
show three systems of large-scale Lineaments: EW, NW-SE, NE=~ 
SWe These lineaments are visible mainly in the Archean 
recks; but some transgress into the Aphebian rocks. Faults 
have been observed along some of theme These lineaments show 
no changes in direction with changes in topography; this 
suggests that they are high angle featurese 

In the western map area four phases of deformation 
have been observed in the Aphebian rocks, corresponding to 
fold axes trending EW, NW-SE, NE-SW, and NSe This last phase 
is very week and produced only a few very open foldse The 
chronology is EW, NW-SE and NE-SW, NSe In the eastern map 
area the NS phase is absent and the chronology is, at teast 
locally, NE-SW, EW and NW-SEe 

The continuity of the Aphebian stratigraphy around 
the basin and the absence of any break in the structural 
todd of the Archean rocks suggest that the Aphebian rocks 
were deposited on a continuous Archean basement, jee€e on a 
continuous continental cruste 

Examination of various NS cross-sections through 
the Aphebian geosyncline (Fige 15) shows that little, if 
any, crustal shortening has taken place during the Hudsonian 


Orogenye The folding of the Lower and Upper Volcanic Groups, 
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which form the bulk of the Aphebian rocks, can be explained 

as well in terms of differential vertical movements (subsi- 

dence of the axial part of the basin), as in terms of hori- 

zontal movements (compression )e 

The various points discussed above: 

i- relatively plastic folding of the Aphebian rocks over a 
basement undergoing brittle deformation, 

2- changes in the relative chronology of the phases of 
Hudsonian folding from one part of the area to another, 
as well as lateral changes, within one structure, from 
one folding direction to another, 

3- coincidence of the directions of Hudsonian folding with 
those of the major lLineaments in the Archean basement, 


4- lack of crustal shortening, 


suggest that the Hudsonian deformation in this area was the 
result of differential vertical movements of rigid blocks of 
Archean basement along three systems of faults and shear 
zonese These movements occurred more or less concurrently 
along each of the three directions, controlling not only the 
folding of the supracrustal rocks but atso the initial sub- 
sidencee The pattern of folding observed now is the result 
of the dominance of one phase over the others at different 
times in different parts of the areae In the area mapped the 
EW (to WNW-ESE) phase is the major phase of deformation, the 
only one that is of sufficient amplitude to affect the whole 


stratigraphic sequencee The other two phases are rapidly 
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attenuated upwards and affect only the lower three strati- 


graphic units, except in the East were the stratigraphic 


section is thinner and the deformation (and metamorphism) 


more intensee 


6. CONCLUSIONS 


The following model of structural evolution is 


proposed for the eastern end of the Cape Smith Belt during 


the Aphebian: 


1-+ 


2- 


erosion of an Archean basement; 

regional tensional regime resulting in the intrusion of 
numerous northwesterly trending diabase dykes;3 

subsidence and sedimentation, first, mature fine psammi- 
tic and pelitic rocks with iron formation, then, with 
gradual increase in volcanic activity, a change to more 
immature sediments; 

extrusion of basic volcanics rocks accompanied by nu- 
merous sills and interlayered with minor immature detri- 
tal sediments; 

deformation, folding, of the Aphebian rocks by intensifi- 
cation of the vertical movements, accompanied by metamor- 
phism; the Archean basement is faulted along three major 
directions ('tectonique cassante!) and the Aphebian, less 


rigid, is folded in response ('tectonique souple ). 
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In the western and central part of the area, the 
thick competent mass of the Lower and Upper Volcanic Groups 
deform atong the EW direction as very open folds, occa- 
sionally faultede This movement compresses against the base- 
ment the tess competent underlying sediments and tuffs into 
isoclinal recumbent folds; later movements, of Lesser ampli- 
tude, refold these isoclinal folds into more open folds, 
trending NW or NEe A late phase produces some minor NS 
warpse In the eastern part of the area (east of Maricourt ) 
which corresponds to a deeper crustal level, the three 
phases of folding are about equivalent in intensity and, 
locally, the NE trending phase is the earliest onee Because 
the portion of the geosyncline exposed here corresponds to 
its axial (deepest) zone, Little or no differential movement 
took place between the two Volcanic Groups and the basement, 
and, consequently, no isoclinal folding in the intervening 


sediments and tuffse 
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CHAPTER IV 


LITHOLOGY 


1. ARCHEAN 


The Archean rocks consist mainly of light grey to 
pink, granitic to granodioritic, medium- to coarse-grained 
eneisses3; a well developed foliation is present, as well as 
banding, parallel to foliation, that may correspond to an 
original beddinge They are composed of quartz, microcline, 
oligoclase or andesine, biotite and/or hornblende$ apatite, 
zircon, opaques, secondary muscovite, chlorite, calcite, 
scapolite, and epidote may be presente 

The gneisses are interlayered with minor amphibo- 
lite which may occasionally be sufficiently thick and con- 
tinuous to form mappable units and, as such, useful marker 
horizonse They are composed of plagioclase (andesine to 
bytownite), olive-green hornblende, ilmenite, apatite, al- 
lanite; garnet, diopside, biotite, quartz may be present; 


secondary minerals such as green hornblende, chlorite, epi- 
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dote, calcite, scapolite, sphene, are generally present as 
well. 

Paragneisses occur in the peninsula NE of 
Maricourt; along the shore cf Wakeham Bay one can observe: 
Brey banded dioritic to granodioritic gneisses interlayered 
with amphibolite, some of which are garnet and sulphide- 
bearing (rusty alteration); biotite, muscovite, diopside- 
rich gneiss or schist; sulphide-bearing hornblende, garnet, 
graphite gneiss; rusty geneiss with segregation of quartz—- 
garnet-apatite-calcitee In the central part of the peninsula 
ene can observe: biotite-rich grey banded gneiss, biotite- 
plagioclase-cummingtonite rock, garnet-amphibolite, 
diopside-amphibolite, kyanite-garnet-muscovite-biotite 
eneiss (386-391) (3 digit numbers are laboratory number of 
thin sectioned samples listed in Appendix IV). 

The quartzo-feldspathic gneisses are migmatitized 
(incipient anatexis)3; but granitic pegmatites are common 
only in the area north and east of Stupart Baye 

Some of the Larger, more continuous amphibolite 
horizons, in the peninsula northeast of Maricourt, appear to 
eave been metamorphosed but not deformed by the Kenoran 


Orogeny; they may be late Archean dykes and sills. 
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2e EARLY APHEBIAN and LATE HADRYNIAN 


Two groups of diabase dykes occur in the areae The 
first cuts the Archean rocks, is cverlain by Aphebian sedi- 
ments and volcanic rocks, and is locally deformed by the 
Hudsonian Orogenye These dykes have a NW-SE or a NE-SW 
trende Lowdon (1963) reports 7 isotopic ages (K-Ar) on simi- 
lar dykes from an area south of the present map areae They 
range from 1995 to 2675 million yearse The 2675 meye age is 
probably too high as these dykes cut Archean rocks with an 
age of about 2500 meye The average of the 6 other ages is 
2149 meye This must be considered as a minimum age because 
some samples are from near the boundary of the Churchill 
Province and may have been affected by the Hudsonian thermal 
event and all show distinct deuteric(?) alteration which may 
have caused loss of *[%Ar. Moreover, Gates and Hurley (1973) 
have shown that K-Ar ages of diabase dykes are generally 100 
to 200 meye younger than the age obtained by Rb-Sr mineral 
or whole-rock isochronse An early Aphebian age can thus be 
attributed to this group of diabase dykes (2250-2350 mevye )e 

Of the second group of diabase dykes, only one was 
observed, cross-cutting Iron Group rocks in the western map 
areae This diabase appears completely unmetamorpheosed in 
thin section, barring some serpentinization of the olivine, 
whereas diabases of the first group always show the effects 
of the Hudsonian metamorphism. Isotopic dating (K-Ar) of 


Similar dykes west of the present map area gives ages of 
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507485 and 534474 meye (Fahrigs; 1967, 1968). Fahrig et al. 
(1971) consider these dykes to be part of the Franklin dia- 
base which has an average age of 675 meyey ieee Late 
Hadryniane They trend NE-SW in the general area (Taylor, 
1971). The localization of diabase dykes is shown in figure 


Z7e 


ge APHEBIAN 


An angular unconformity separates the Archean and 
lower Aphebian rocks from the Aphebian sediments and vol=- 
canic rockse This unconformity is visible in several lccali- 
ties in the map area, for example on Wakeham Bay and at the 
lower end of the Wakeham River Canyone In several places a 
layer of a few centimetres to a few decimetres of a garnet- 
and biotite-rich rock occurs at the unconformity and is in- 
terpreted to be a paleosoile In one thin section it is pos- 
sible to recognize polycrystalline grains of quartz and feld- 
spar ina matrix of biotite, garnet, muscovite and finer 
quartz and feldspar. In the Wakeham River Canyon, for exam- 
ple, 3 to 4m of vertically foliated, white to light-grey 
(leached?) quartzo-feldspathic Archean gneiss is overlain by 
about 1 m of garnet-bearing, quartzo-feldspathic gneiss ti- 
ghtly folded and foliated parallel to the unconformity, ieee 


nearly horizontal, followed by about 1m of garnet- and 
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Topography based on topographic maps published | 


Stupart 
Bay 


LEGEND 


Lower Volcanic Group 
Real Iron Group : 


NN Iron Group of less than mappable thickness; 


NN present, assumed. 


===== Diabase dykes (first and second group). 


Fig. 27. Distribution of the lithologic units of the Wakeham Bay @eeee Limit of detailed mapping 


area, New Quebec. 


I. Lower Volcanic Group, Iron Group, diabase dykes. 
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biotite-rich rock, followed by about 20 m of grunerite- 
garnet iron formatione 

The unconformity can be overlain by rocks of the 
Iron Group or the Pelitic Group, occasionally the Volcano- 


Sedimentary Groupe 


A IRON GROUP 


This group is best represented in the southern 
part of the western map area, in particular near Mont Table. 
It consists of: 

- iron-rich rocks (iron formation); 
- sandstone; 
- pelites: mica-schist, chloritic mica-schist; 


- dark green chlorite-schist.e 


The iron-rich rocks are very variable in composi- 


tion; they are a mixture (in almost all proportions) of: 
= quartz; 
- oxides: hematite, magnetite; 


- carbonates: calcite, dolomite, siderite and intermediate 
compositions, more or less manganiferous; 


- silicates: grunerite = stilpnomelane > garnet = chlorite 


> biotite = plagioclasee 


Minor amounts of iron sulphides can be presente Some typical 
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compositions are, however, more common: quartz-richy, 
carbonate-rich, and silicate-rich. 

Quartz-rich members are generally fine-grained, 
evenly thinly bedded and laminated, dark bluish to brownish 
grey; they contain a few percent of iron oxides, some stilp- 
nomelane and some brown to yellow grunerite in fine radia- 
ting needles in the bedding planese Zircon is often present. 
They contain oxide-rich interlayers, either as a thin- 
bedded, very fine-grained massive dark bluish grey rock con- 
taining up to 70-80% iron oxides, or as a medium-bedded 
coarser, gritty, quartz-iron oxide rock containing up to 40- 
50% iron oxides; neither of these last two is abundant. 

The carbonate-rich member is medium- to thick=- 
bedded with coarse, rather irregular, laminations; it wea- 
thers chocolate-brown when almost pure carbonate and quartz, 
lighter brown as the proportion of grunerite increases, or 
darker brown as the proportion of stilpnomelane increases3 
gernet, minor iron-cxides and chlorite can also be present. 

The silicate-rich member is dark brownish to 
greenish grey, medium- to thick-~bedded, with rather coarse 
laminations; it is composed of quartz, grunerite, stitpnome- 
lane, chlorite, garnet, iron oxides and carbonates in 
varying amounts; round grains cf carbonates often give a 
spotted aspect to the rocke 

The sandstones are white to Light buff, medium- to 
to thick-bedded (sometimes thin-bedded); they occur within 


the lower half or lower third of the Iron Group; they con- 
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sist of up to 90% quartz, with plagioclase, muscovite, hbio- 
tite, chlorite, sometimes microclinee Just above the uncon- 
formity occurs locally a light green, chlorite-bearing, 
medium~-bedded sandstone, up to 1m thick, in which may occur 
poekilitic garnets forming large, Light pink blotchese 

The petites are Light to mediumgrey to greenish 
grey mica-schists$; bedding and laminations are only occa- 
Sionally recognizable because small scale folding and crenu- 
lation as well as metamorphic segregation into quartz-rich 
and mica-rich laminae obliterate sedimentary structures; 
only the mcre sandy beds can be easily recognizede They are 
composed of quartz (+ plagioclase), muscovite and/or biotite 
and/or chlorite (+ garnet); zircon, apatite, iron oxides, 
graphite, tourmaline, sphene are common accessories; car=- 
bonate, epidote, actinolite may be present in minor amountse 

The chlorite-schist is dark green, irregularly 
medium- to thin-bedded, composed of fine-grained quartz with 
up to 50% iron-rich chlorite, commonly with garnete It is 
often found at the base of the sequence, above or below the 
green sandstone as well as higher up in the [ron Group. [t 
is not known whether this rock represents a peculiar facies 
of the iron formation, or whether it represents interlayers 
of volcanogenic materiale 

Stratigraphic relations within the Iron Group have 
not been elucidated because of the complexity of the struc- 
ture in the type areae The following generalisations only 


can be made: 
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= the proportion of mica-schist increases upwards; 

- the proportion of sandstone increases downwards} 

- among the iron-rich rocks, the silicate-carbonate member 
is more abundant in the upper half, the quartz-oxide 
member in the lower half of the Iron Group}; 

= the dark-green chlorite-schist is found mostly in the 


lower two-thirds of the Iron Group. 


The tast occurrence of iron-rich rock (generally a 
silicate-carbonate member) is taken as the upper limit of 
the Tron Group, its boundary with the overlying Pelitic 
Groupe The distribution of the Iron Group is shown in figure 
27-6 

The maximum thickness of the Iron Group is diffi- 
cult to estimate because of the complexity of the structure 
in the type area; it is probably less than 500 m and may be 
no more than 200 me It thins rapidly west and east of the 
type areae It occurs along the north branch of the geosync- 
line and around the Ippijuaq basin but only in thin hori- 
zons, often of unmappable thickness. In most of these occur- 
rences, it consists of the silicate-rich member (grunerite- 
garnet-quartz + magnetite, stilpnomelane, carbonate). A few 
thin layers of the oxide-rich member occur at the western 
end of the Ippijuag basine The thin-bedded quartz-rich 
member represents the Iron Group at the eastern end of the 
Ippijuaq basin and at one locality on the northern contact 


in the western map area; there, a thin, evenly-bedded 
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carbonate-bearing sandstone of light reddish brown colour, 
occurring right at the contact with the Archean, may repre- 
sent the Iron Groupe 

The Iron Group occurs along most, but not all of 
the southern contact of the geosyncline; it is notably 
absent at Qinguaq and from there to Lac Rubane The Iron 
Group is absent from the northern contact, except in two 
lecalities; this appears to be a real feature and not the 
result of a lack of exposure, as the northern contact is 
well exposed in several localities both in the eastern and 


in the western map areae 


B PELITIC GROUP 


This group consists mostly of pelites similar to 
those of the Iron Group (see description, above )e In addi- 
tion it contains small layers of quartzose schists to thin- 
bedded sandstones; chlorite-rich greenschists and graphitic 
blackschists are also present in minor amountse Bedding is 
easily recognizable only where those different compositions 
are presente 

This unit is fairly uniform and it could not sub- 
divided within the western map areae In certain parts of the 
eastern map area (Ippijuagq basin), it is possible to distin- 
guish a lower, heterogenous member with more abundant garnet 


mica-schists and graphitic blackschists from an upper homo- 
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geneous member composed of grey bictite-muscovite schist. 

The Pelitic Group overlies the Iron Group or, di- 
rectly, the unconformitye Its upper limit is defined by the 
base of the Volcano-Sedimentary Group, ieee the first occur- 
rence, upwards, of a significant volcanogenic tuff or of a 
dolomite horizone The Pelitic Group grades into the under- 
lying Iron Group and into the overlying Volcano-Sedimentary 
Group, both of which contain a significant proportion of 
pelitic schiste In the type area the thickness of the 
Pelitic Group can be estimated at 500-1000 m.e 

The distribution of the Pelitic Group is shown in 
figure 28. It occurs, in varying thickness, practically 
everywhere along the southern and the northern contact of 
the geosynclinee Along parts of the northern limits of the 


geosyncline it is very thin or absente 


C VOLCANO-SEDIMENTARY GROUP 


This group is heterogeneouse It consists of the 
eB owing Lithologies:?: 
- petites; 
- doltlomites; 
- sandstones; 
- volcanogenic tuffs;5 
- ultramafic rocks; 


- basic flows and sillse 
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Fig. 28. Distribution of the |ithologic units of the Wakeham Bay 
area, New Quebec. 


II. Pelitic Group, Upper Volcanic Group. 
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The pelites are similar to those in the Pelitic 
Group, but graphitic, pyritic schists and garnet mica- 
schists are more commone The pelites grade on one hand into 
more quartzose compositions (psammoschists), on the other 
hand, with increasing admixion of volcanogenic material, 
into green, more chlorite-actinolite-carbonate-epidote-rich, 
schists; silwery green talc-schists are also presente 

The sandstones are thin- to medium- to coarse- 
bedded, white to buffe They contain significant amounts of 
muscovite and feldspar, minor biotite, chlorite and car- 
bonate are commone Medium- to thick-bedded arkosic grits are 
also presente At the western Limit of the map area, the up- 
permost horizon of sandstone consists of avery thick-~-bedded 
breccia: angular fragments up to 1m of orange brown dolo- 
mite ina matrix of light grey sandstonee This breccia 
grades into massive dolomite with a network of quartz vein- 
letse 

The dolomite is generally massive, thick-~bedded, 
fine-grained, buff to grey on fresh surface, buff to 
chocolate-brown on altered surfacee Locally it is thin- to 
medium—-bedded, schistose, siliceous or micaceouse It is 1 to 
3m thick, rarely moree A smaller, (0-5-1 m) massive, sili- 
ceous dolomite is Locally present below the main horizone 
Minor grey massive dolomite horizons are found, in beds of 
0-5-1 m, associated with, and grading into carbonate nodule- 
rich basic volcanogenic tuffse Contrary to the main dolomite 


horizon, which is a consistent marker, these are of smatl 
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lateral extent. 

The volcanogenic tuffs consist of medium to thick- 
bedded, generally massive quartz-albite-chlorite green- 
schists containing varying amounts of tremolite-actinolite, 
carbonate, epidotes. One occurrence of felsic tuff about 1 m 
thick was found; it consists of quartz, plagioclase, musco- 
vite, minor bictite and zircon and 5% each of galena and 
sphalerite (454). Several occurrences of a dark olive-green 
to black, finely laminated silicate iron formation were ob- 
served, each about 0-5-1 m thick; They consist mainly of 
stilpnomelane, grunerite and minor sulphides (272, 452). 
Both are associated to volcanogenic tuff horizons and could 
be exhalitese 

The ultramafic rocks occur as tenses, isolated or 
in groups, up to SO m long; they are accompanied by minor 
horizons of basic and ultramafic tuffs (397)- They are car- 
bonatized to varying degrees and most are soapstonese Their 
brown alteration surface is very characteristic and they 
form little knolls in the landscapee In the less deformed 
ones the original (igneous) texture is still recognizable 
and it may be estimated that they contained about 70% oli- 
vinee These ultramafic lenses are always found stratigraphi- 
cally just below the dolomite horizon, except at one locali- 
ty near Riviere Lépine. 

The basic volcanics occur as massive basaltic 
flows and gabbroic sillse The sitls are generally a few tens 


of metres thick, rarely over 50 me The flows are thinner and 
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less abundante No pillow-basalt has been observede Minor 
agglomerates, SOnsiad ing of centimetric fragments of metaba- 
salt in a chloritic groundmass, have been observede 

The base of this unit is defined as the first 
upward occurrence of a significant volcanogenic tuff or the 
dolomite horizone In the type area, the dolomite occurs a 
few tens of metres above the first tuff. This limit is not 
very accurate and can be subjective, but was found to be the 
most practical; east of the type area the unit is thinner 
and mostly sedimentary and the dolomite horizon is the main 
markere The top of the unit is the major (and last) sand- 
stone horizons it is thick bedded and gritty in parte 

Within the Volcano-Sedimentary Group the sediments 
show the following succession, from base to top: pelites, 
dolomite, pelites, increasingly psammitic pelites, thin- 
bedded sandstones, thick-bedded sandstones; and the igneous 
rocks the following succession: basic to intermediate tuffs 
with minor gabbro sills, ultramafics, mostly gabbro sills 
with minor tuffs and basalt flowse In the type area, the 
sediments (excluding tuffs) form about 40% of this unit. The 
proportion of sills and basalt increases west of the type 
area, and decreases east of ite In the eastern map area vol=- 
canic material occurs only associated to the ultramafic 
lensese The distribution of the Volcano-Sedimentary Group is 
shown on figure 29. 

In the type area this unit is 1000-1500 m thick. 


It thickens westward and thins eastwarde In the Wakeham 
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River Canyon, it is no more than 500 m thick, and probably 
lesse It is very thin and may be absent along the southern 
contact near Maricourte Where the Pelitic Group is absent it 
rests directly on the Archean gneissese The dolomite horizon 
can be represented by no more than a few tens of centimetres 
of calcsilicate rock, for example at the northern contact, 
on the shore, north of Maricourte Neither the Volcano- 
Sedimentary Group nor any of the units above it occur in the 


Ippijuacg basine 


D LOWER VOLCANIC GROUP 


This very thick group consists of the following 
Lithologies: 
- petites; 
- sandstones;35 
=- grauwackes5 
- basic flows and pillow-lavas; 
- basic to intermediate volcanoclastic rocks: tuffs, agge- 
Uonerate: 


- basic to locally ultramafic sillse 


The sediments form no more than 10-20% of this 
group; they are merely intercalations between the volcanic 
rockse These sediments are mostly pelites, argillites to 


siltstones grading into grauwackese Unlike those of the 
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lower units they are often not mica-schists sensu stricto, 
but contain appreciable amounts of chlorite, epidote, ac- 
tinolite.e. They are grey to black, finely laminated, often 
carbonaceous and sulphide-bearing, schistse Grauwackes and 
sandstones are found in the thicker occurrences. The grau- 
wackes are medium to coarse-bedded, black to dark-greene The 
sandstones are thin- to medium-bedded, white to buff and 
ofter contain significant amounts of feldspar and mica 
(mostly muscovite )e Small discontinuous horizons of grey 
weathering dolomite have been observed in three localitiese 
The volcanic rocks consist mostly of basaltic 
(massive, pillowed, and pahoehoe) flows and gabbro siltise 
The massive flows vary in thickness, but are rarely more 
than 10-20 m thicke The basic silts are a little thicker on 
average and some can be up to 100 m thicke The distinction 
between the thinner gabbro sills and the thicker massive 
basalt flows is difficult in the field. Criteria such as the 
presence of hornfels at the contact, of gravity differentia- 
tion within one layer, of a recognizable coarse ophitic or 
sub-ophitic texture, cross-cutting relationships, flow-sur- 
eld ématodcturee etceee are most often lacking and it was 
necessary to resort to more subjective criteria based on the 
author's experience in the Labrador Trough where similar 
rock types are thicker, Less metamorphosed and better chara- 
cterized; the criteria used were the colour of the altera- 
tion surface on the ocutcrop and the shape of the outcrops 


and blockse The sills are darker, almost black, and form 
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more angular, tess rounded outcrops and blocks; the result 
is a harder aspecte The basalts are more green than black. 
Although these criteria are subjective, they proved to be 
effective when compared with the results of the thin section 
study 

Pillows and pahoehoe flows constitute half to two- 
thirds of the basaltse Where it could be observed, the pa- 
hoehoe flows suggested a flow direction from north to southe 

Volcanogenic tuffs (chlorite-actinolite schists) 
and agglomerates (centimetric basalt fragments ina chlori- 
tic matrix) are present in minor amounts, probaly no more 
than 10-20% of the basic rockse Felsic to intermediate tuffs 
occur in the northwest corner of the map areae 

The thicker gabbroic sills may have an ultramafic 
base and be dioritic near the tope Two thick (up to 300 m) 
sills of peridotite and pyroxenite occur at Lac Giraffe, 
associated with a gabbro sill. 

The Lower Volcanic Group is the major lithologic 
unit in the Wakeham Bay area and constitutes more than 3/4 
of the Aphebian stratigraphic sequencee Its thickness is 
estimated to be about 13 km, barring repetition and thic- 
kening due to faulting and/or folding. East of 72°30*W, it 
thins to less than 3 kme Its distribution is shown on figure 
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E UPPER VOLCANIC GROUP 


This group is composed of lithologies similar to 
those of the Lower Volcanic Group, ieee volcanic rocks with 
minor intercalated sediments. 

The base of the Upper Volcanic Group is consti- 
tuted by a thicker than average horizon of sediments: peli- 
tic schists, grauwacke, sandstone, tuffse This is followed 
by thick (150-300 m), differentiated sills of pyroxenite to 
gabbro and peridotite to pyroxenitee These sills are sepa- 
rated by thin interlayers of sedimentse 

Above are found: 

- pillow basalts and flows of picrite! ; 

- agglomerates and tuffs of basic to acid composition; 

- small sills or flows of essentially undifferentiated ul- 
tramafic rocks; 

- thinner sills of gabbro; 


= interlayers of grauwacke and pelitic schistse 


The major sills of gabbro grade from a pyroxenitic 
base (lower quarter) to a dioritic top (upper quarter); near 
the upper contact they are again gabbroice The large ultra- 
mafic sills (there is only one in the type area) are com- 
posed of pyroxenite with a peridotitic core that pinches out 


oe me me se we ae a a i ee we 


1 field term used for a rock more mafic than basalt, without 
being an ultramafic rocke 


owt rere ga bev douse t te tens ey 


ttiw edge gtaea oto, «Rs ek sword 


~irnneo ae} ao" © \ gael +raa ‘aie = pant. wat 


' 


30 eke ae aanowne: Ratt aeto ka 


i, 


wrwiod fois watt akin yok reine eaenione ee me ct 
of 6tinpeteor eq fe ef fia nonans natant on 008-0a} 
ee ea rendeoiaed ot aap iene a 
enone anne wero ears at nde 

ae iavzned ara avoak ai 7 


+[jawm Sate ribose 


~~ hey Feat 


qs EY i= ORMOH Yiog OF ed hie mane 
an HO nme vee “4 
i oa denne | | Ratoen 


“fap Dep tin Mica bali 


31d Dowden a iene stati onan sdnins oben ai lb 
anode besten oon ane: phe taene on (terr0up wadttigs 
~ ania agreed ba “pat oruactiog aan een) ee Ponto» 4 
RED ore ene Saree ask ced ee ena ak sant) 
tue, osdpadey +84) bes oun ts ontann AYES inenene eS 


70 


along strike. 

The picrite flows appear to be related and to 
grade into the small ultramafic flowse There appears to be a 
complex transition from basaltic flows with a picritic base 
to picritic flows with an ultramafic base to ultramafic 
flowse The ultramafic flows are lenticular in shape; they 
are either massive or with columnar jointing (hexagonal). In 
one case, an ultramafic flow with colummar jointing was ob- 
served to grade laterally to a massive ultramafic rock which 
in turn graded upward into a picrite with a fractured upper- 
surface (cooling cracks of a flow surface)e The thickness of 
the ultramafic plus picrite mass is 80-100 my the columnar 
part not more than 20 me 

In the same area a cyclical succession was ob- 
served (from top to bottom): 
- pillow-basalt and basaltic breccia; 
- picrite, massive with fractured upper surface; 
- massive to columnar ultramafic rock over a thin zone of 


volcanic brecciae 


Three such cycles were observed in the Monts Lune; 
the thickness of each cycle is of the order of 20-40 m. 

In the central part of the Monts Lune are one or 
more horizons of sulphide-bearing acid to intermediate tuffs 
that preduce extensive gossanse A horizon of what appears to 
be a sulphide-rich exhalite occurs within sediments and 


tuffs between the major sills on the north flank of the 
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Monts Lunee Up to 1-2 m of massive to banded sulphides were 
observede This horizon is fairly continuous and the gossan 
it produces can be observed for over 10 km along strike. 

In the type area the Upper Volcanic Group reaches 
a thickness of 1-5-2 km in the south limb of the syncline. 
Its distribution is shown in figure 28. The Upper Volcanic 
Group extends from the western border of the map area 
(73°00*W) eastward to about 72°25'We In addition, the thick 
differentiated sills of peridotite, pyroxenite, and gabbro 
that occur in the hills south of Wakeham Bay can be consi- 
dered part of the Upper Volcanic Groupe The base of this 
outlier shows little sediments but rather 10-20 m of basic 
to intermediate to acid tuffse The acid tuff, composed of 
quartz, plagioclase, muscovite, biotite, is sulphide-bearing 
and weathers bright yellow to orangee 

West of the Monts Lune, the Upper Volcanic Group 
is much sheared by vertical faults and only the south limb 
of the syncline appears to be presente. 

Within the Upper Volcanic Group, it is possible to 
recognize (at least in the type area) the following strati- 
Peaiiic successions: 

- sediments; 

- major (thick) sills; 

- pillow-basalt, picrite and ultramafic flows; 
- piltltlow-basalts; 


- pillow-basalts and thinner gabbro sills. 
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In this succession some of the pillow-basalts may be pahoe- 


hoe flows. 


4. QUATERNARY: SURFICIAL GEOLOGY 


A GLACIAL DEPOSITS and GLACIATION 


The Wakeham Bay area was covered until about 8000 
years ago by ice (Prest, 1970). The effects of glaciation 
are visible both in the physiography of the area and in the 
type and distribution of Quaternary deposits found thereine 
The glaciation is largely responsible for the present phy- 
Siographic aspect of the region, and the presence of abun- 
dant and unweathered outcropse Glacial erosion has enhanced 
certain lineaments and subdued others; and it is important 
to take this into account in the structural interpretation 
(see Chapter III). 

The flow of ice, as shown by ltlinear features (flu- 
ting, drumlinoids, crag-and-tail hills, striae), was towards 
the coast, jeee to the northeast and north-northeast, lLocal- 
ly to the easte No early east-southeast directions, as seen 
by Currie (1966) to the southwest of the map area;y were ob- 
served, but ground observations of glacial features were 


cursary and such a direction may have been missede 
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The whote area is covered more or less continuous- 
ly by glacial till (ground moraine). The thickness of the 
till and the proportion of ground it covers decreases to- 
wards the coaste It covers about 50% of the (relatively 
flat) highlands and tess than 10 to 20% of the first 15 to 
20 km from the coast, where the relief is more pronounced 
and erosion more actives; tilt remains there mostly on the 
valley floors and the flatter hilltopse Although it may have 
been thinner here than further inland, the former widespread 
presence of till is indicated by the numerous perched gla- 
cial boulders still remaining. Inland, the till has a thick- 
ness of 1-3 m, somewhat more in low-tying parts and valleyse 
It is composed of clay, sand, boulder etceee Even in areas 
underlain by Aphebian rocks, a significant proportion of the 
coarser fraction of the till is composed of Archean derived 
material (gneiss, granite, high-grade amphibolite); this is 
understandable if one considers the higher strength of these 
rocks, compared to many of the Aphebian rocks, and the pro- 
ximity of the Archean basement to most of the Aphebian un- 
derlain areae 

figure 30 shows the distribution of a certain 
number of glacial features and deposits in the map areae 

Lateral moraines, probably associated with late 
stage glacial tongues, occur in the lower Wakeham River 
valley and in the lower Vicenza River valleye The ma,jjor por- 
tion of these moraines has been washed away by the Vicenza 


and the Wakeham River or, rather, by their periglacial 
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Topography based on topographic maps published 
at a scale of 1:50 000 by the Department of 


Energy, Mines and Resources, Ottowa. 
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Surficial geology of the Wakeham Bay area, New Quebec 
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forerunnerse In the southwest corner of the map area, some 
of what was indicated as outwash deposits in figure 30 could 


include some hummocky moraine. 


B GLACIO-FLUVIAL DEPOSITS and FEATURES 


In the western part of the map area, eskers, melt—- 


water channels and outwash deposits are numerous; outwash 
deposits are particularly abundant in the Southe The meltwa- 
ter channels consist either of deep V-shaped gullies, some 
of which are dry now, or of strips of ground, a few tens to 
a few hundreds of metres wide, washed clean of till, except 
for the odd big boulder. Most of the outwash deposits can be 
correlated to a meltwater channel or to an eskere Many of 
the meltwater channels and eskers are oriented north to 
northeast, ieee more or less parallel to the general trend 
of glacial flow, but at angle to the present trend of the 
drainage, which is structure-controllede 

The upper Vicenza River valley shows many east 
a ine meltwater channels and trains of outwash deposits. 
Some of these are probably part of the outfiow of the gla- 
cial lakes, that formed west of the map area in the headwa- 
ters of the Povungnituk River (Prest, 19703; Prest et ale, 
12967). Parallel to those meltwater channels and trains of 
ocutwash deposits, are a few eskers, suggesting that in the 


later stages of glaciation the ice was following the upper 
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Vicenza River valley. 

Northeast of Lac Vicenza and in the Lac Felix 
area, a few deep gullies, located on, and parallel to the 
slopes, may be hillside channels, formed by glacial-margin 
streams, along the northern edge of the ice sheet or of an 
ice tongue following the upper Wakeham River valley or the 
upper Vicenza River valley. 

In the east of the ma rea, most of the 
fluvio-glacial deposits that may have existed have been 
eroded and features Like meltwater channels are difficult to 
recognizee Only some valley train deposits are still vi- 
Sible.e 

No features related to glacial lakes have been 
observed within the map area, with the exception of a few 
terraces around Lac Wakeham, some 30-50 feet above the pre- 
sent level, that may reprsent the former level of this lake. 
Cver most of the map area, the combination of topography and 
line of glacial retreat was not conducive to the formation 


of such lakese 


C LINEAR FEATURES 


Drumlins, fluted surfaces, and crag-and-tail hills 
are uncommon in Aphebian underlain areas; they are somewhat 
more common in Archean underlain areas, or, maybe, only more 


conspicuous because of the less strongly oriented nature of 
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the rockse In the eastern part of the map area they have, 
for the most part, been obliterated by the removal of the 


till. 


D RAISED BEACHES 


Remnants of raised marine beaches can be seen 
along the coast. They are rare on the steeper cliffs north- 
west of Wakeham Bay, but common around Joy Bay and Whitley 
Baye The height above the present sea level of the highest 
beaches was estimated by comparing the air photographs and 
the 1:50,000 topographic maps. Their height above sea level 
increases from about 250 feet near the mouth of Wakeham Bay 
to about 400 feet near the outlet of the Vicenza River. 
Prest et ale (1967) show the "approximate elevation of the 
marine Limit" to be 405 feet at Douglas Harbour and south- 


east of Whitley Bay. 


E POST-GLACIAL FEATURES 


The Wakeham Bay area is now at the limit of the 
continuous and discontinuous permafrost zones (Flint, 19715 
p 270). The main effects of the permafrost are frost-wedging 


(and shattering) and solifluctione 


A significant portion of the flat or gently sio- 
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ping ground not covered by glacial deposits is covered by 
felsenmeere The size of the blocks is related to the fissi- 
lity and spacing of joints, of the rockse Except for massive 
gabbro silts, the Aphebian rocks produce small- to moderate- 
sized blocks; the Archean gneisses, however, often produce 
felsenmeer with blocks of 5 to 20 m3, making not only the 
recording of structural data difficult, but also the wal- 
kinge Ice-wedge polygons are often present on outwash sedi- 
ment terracese Patterned ground and frost-boils are general- 
ly present on flat-lying till. On gentle slopes, they grade 
into lobate forms. 

Solifluction appears to be the main mass-wasting 
process in the area and its effectiveness in denudating 
hill-tops is quite visiblee Frost-wedging combines with so- 
Lifluction to mantle the lower half of the steeper slopes 


with a mixture of till and local material. 
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CHAPTER V 


MINERALOGY 


Several techniques were used to study the mineral 
composition of the various rock types of the area: macrosco- 
pic examinations; microscopic examination, both in trans- 
mitted and reflected light; X-ray diffraction (powder 
patterns); electron microprobe analysis, both qualitative 
and quantitativee The mineral composition of thin sectioned 
samples and mineral analyses are listed in Appendix IVe The 
change in assemblages, as related to metamorphism will be 


discussed in the chapter on metamorphisme 
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e EKTOSILIC iS} 


Quartz is present in most lithologies with the 
exception of some of the metabasites, ultramafic and calc-— 
silicate-carbonate rocks, and iron formatione Quartz is 
mostly recrystallized metamorphice In the more quartzose 
metasediments, seme quartz may be primary (detrital )e 
Occasionally quartz ‘phenocrysts! may be recognized in meta- 
gabbro by the hexagonal shape of the grains and the presence 
in them of carbon dioxide-rich fluid inclusions. 

K-feldspar is commonly present, as microline, in 
the Archean gneissesSe In the Aphebian rocks it is much less 
commone It has been observed as detrital grains in cong- 
lomerates and sandstones of the Volcano-Sedimentary Group 
and in felsic tuffs, where it is also probably pre-metamor- 
pPhice In the eastern map area, microcline occurs in mica- 
schists, in a marble, and in an ultramafic rock as a meta- 
morphic minerale It occurs also in a pegmatitic phase in the 
upper part of a large gabbro sille 

Plagioclase is an almost ubiquitous mineral. The 
An content of the plagioclase has been determined in a 
number of thin sections by optical methods or with the elec- 
tron microprobe (see Appendix IV)e was done on part of these 
onlye 

In some conglomerates and sandstones the plagio- 
clase is primary (detrital); elsewhere it is metamorphice 


Its composition varies with grade from albite to andesine 
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and the potassium content is lowe In Archean amphibolites 
that have been significantly affected by the Hudsonian meta- 
morphism, zoning may be observed (calcic cores, sodic rims). 

Potassium is present in equivalent to 0.5-1% Or 
molecule and shows no correlation with the An contents. Fe is 
present in similar amounts; some of it may be due to the 
presence of impurities in the excited volumee The partition 
of Fe into Fe%t and Fe?t in the structural formulae is arti- 
ficial and reflects probably more analytical error than 
actual oxidation statee Trace amount of Cr, Ni, Ti, and Co 
may ke present; Ba is helow the detection limite Figure 31 
shows the distribution of An content of the plagioclasese 
The gap between Anz and Ani; can be related to the peris- 
terite solvus which will be discussed further in the chapter 
on metamorphi sme 

Scapolite occurs in the higher metamorphic grade 
part of the eastern map areae [It has a composition of dipyre 
(optical determination). It was observed in calc-silicate 
rocks, both Archean and Aphebian, in Archean amphibolites 
and gneisses, and in a meta-diabasee All of these occur- 
rences are in a restricted area (15 x 15 km) and near a se- 
quence of Archean paragneissese The formation of scapolite 
can be related to the Hudsonian event, by isochemical meta- 
morphism in the calcareous schists, by metasomatism Cintro- 


duction of Cl and COs rich fluids) in the other rock typese 
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Figure 31. Histogram of An content of plagioclasese 


PHYL LICATES 


Micas are common both in Archean gneisses and 
Aphebian metasediments (which are mostly mica-schists )e 
Biotite, phlogopite, muscovite, and paragonite were ob- 
servede 

Biotites have been analysed, mostly in mica- 


schists where they coexist with garnet (see section on 


82 


geothermometry)e Biotite compositions can be represented in 


terms of the four end-members: annite, phlogopite, sidero- 
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phyllite, eastonite.e Figure 32 shows that the AlC*%) 1! is 
intermediate and nearly constant, the variance heing ex- 
pressed by the Fe/Mg ratioe The TiOs content is atso varia- 
ble, from 0.5-5.-0%. Of the other minor elements, NiO, CoO, 
CaO, BaOy NaoC, and CuO are occasionally present in the 0- 
0.5% rangee 

Phlogopite has been observed in a few samples of 
marble and calcareous rocks from the eastern map areae 

Paragonite was observed in one sample of carbonate 
rich tuff, where it coexists with muscovitee They are inti- 
mately intergrowne Both were analysed; the paragonite con- 
tains about 9% muscovite molecule; the muscovite analysis 
shows a very low K content that could be attributed to rep- 
lacement by hydronium. It is therefore not really possible 
to use this muscovite-paragonite pair as a thermometer. 

Muscovite is present in Aphebian metasediments up 
to the highest gradee In the Archean gneisses it is commonly 
present but as a secondary mineral, apparently related to 
the Hudsonian metamorphisme The bg value was determined in a 
number of low-grade muscovites, the range is 8.991-9.040A 
ADs senate BA ©.0204).e The bp value is dependent in part on 
the Na/(Na + K) ratio but mainly on the content of Fe and 
Mg, ieee a phengite will have a high bo (higher than about 
9.025). The low-grade muscovites are thus close to phengites 


1 a1©4) and A1lC®) are used respectively for tetracoordinated 
and hexacoordinated aluminiume 
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Figure 32. Composition of biotites. 
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Figure 33. Composition of chlorites; classification after Tr¥ger (1967). 
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on averagee 

Chlorites are a common and often abundant consti- 
tuent of metabasites and ultramafic and pelitic rocks at low 
metamorphic gradee They persist into higher grade, although 
in lesser amountse 

Chlorites from metabasites and from one ultramafic 
rock were analysed (see Appendix IV)e Their composition is 
plotted in Figure 33. Assuming they are atl orthochlorites, 
they all fall in the ripidolite field, except the one from 
the ultramafic rock which is a clinochloree Here again, as 
with biotite, the main variance is in the Fe/Mg ratioe Of 
the minor elements, Mn is the most common (0.2% MnO), Ca and 
Ni are present in most analyses, and Ti, Cr, and Co are oc- 
casionally presente 

Serpentine is a common constituent of ultramafic 
rocks at tow metamorphic gradee [It occurs often as a pseu- 
domorph of olivine, sometimes pyroxene; occasionally relics 
ef these minerals are presente One analysis of serpentine 
has been made, which it is very low in silicas Mn, Co and Ni 
are the only minor elements detectede 

Talc was observed in a few ultramafic rocks of low 
to medium metamorphic gradee 

Stilpnomelane is a common and sometimes majory 
constituent of the iron formatione It is seen in thin sec- 
tion as yellowish brown to orange brown, sometimes greenish, 
biotite-like grains, with a distinct parting perpendicular 


to elongation. It also occurs in a few low-grade metabasites 
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that appear more iron-rich than average. 


ge INOSILICATES 


A PYROXENES 


Crthopyroxene relics occur in a few ultramafic 
rocks, generally in the thicker sills, not only at low but 
also at high metamorphic grades. 

Clinopyroxene is more widespread. It occurs toge- 
ther with orthopyroxene in ultramafic sills, where there 
appear to be both primary and metamorphic clinopyroxenese It 
occurs also in marble, amphibolites, and gneisses as clearly 
metamorphic diopside, and its presence is in line with the 
parageneses in surrounding rockse It is not very common, 
probably because metamorphic conditions were near the 
diopside-in isegrad and its growth is restricted to the most 
favorable rock compocsitionse It occurs as a primary igneous 
mineral together with olivine in a diabase dyke of Hadrynian 
age which is probably the only unmetamorphosed rock in the 
areae 

In some ultramafic sills, which also contain pri- 
mary olivine and orthopyroxene, two clinopyroxenes occur, 


that can be distinguished by their habit: one is distinctly 
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metamorphic and consists of small rounded grains around the 
other, which appears as large poecilitic grains including 
partially to completely serpentinized olivinee An analysis 
of the second type (300) plots distinctly outside the field 
of metamorphic clinopyroxenes of Dobretsov (1968) (Fige 34). 
In the Ca-Mg-Fe triangle, it plots near the magnesian end of 
the "normal magmatic trend" of Hess (1949) in accordance 
with the ultremafic composition of the host rock (Fige 34). 
We have thus a magmatic clinopyroxene (endiopside) and a 
metamorphic clinopyroxene (probably a diopside) at low meta- 
morphic grade. This occurrence can be compared with that in 
spilites where the commonly present clinopyroxenes have a 
composition intermediate between the "normal magmatic trend" 
and the diopside-hedenbergite join (see for example Smithy 


1970, or Lidiak, 1965). 


B AMPHIBOLES 


Orthoamphiboles have been observed in medium- grade 
ultramafic rocks and some metabasites and in high-grade 
gneissese An orthoamphibole has also been observed in a low- 
grade metabasalt rich in iron sulphides. This is believed to 
be a sulphurized basalt (MacRae, 1974): sulphur metasomatism 
that may have been accompanied by tocally higher temperature 
resulted in a silicate phase abnormally rich in magnesiume A 


gedrite was analysed in a medium-grade metabasitee It is Al- 
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Fe+Ti+Cr+Mn 
lOO Mg+Fe+Ti+Cr+Mn 
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diopside . hedenbergite 


enstatite ferrosilite 


Figure 34. Clinopyroxene from sample 300 compared to: 
A the field of metamorphic clinopyroxenes (after Dobretsov, 1967), 
B the trend of igneous clinopyroxenes (after Hess, 1949). 
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rich with an intermediate Fe/Mg ratio, but is abnormally 
high in sodium; this cannot be accounted for by contamina- 
tion with plagioclase (the Ca is very low)e The sodium is 
higher than in the coexisting hornblende. 

Grunerite is a major constituent of many iron for- 
mation samples and it may be concentrated as a fibrous 
shear-zone fillinge 

Cummingtonite occurs in high-grade (Archean) calc- 
silicate rich and magnesian gneisses, in a few medium-grade 
metabasites, and in a low-grade ultramafic sill base. 

Calciferous amphibotes are major constituents of 
metabasites of ail metamorphic gradese They are also present 
in metasediments, ultramafic rocks, and gneissese Tremotite 
eccurs in carbonate and/or calc-silicate-rich rocks at low 
to high metamorphic grade, in some low-grade ultramafic 
rocks, and in hornfels. Actinolite occurs in low-grade meta- 
basites and metasediments. Hornblendes in low- to high~grade 
metabasites and in medium- to high-grade metasedimentse A 
number of analyses of actinolites and hornblendes were made 
(Appendix IV). 

Amphiboles, especially calciferous amphiboles, 
have a complex crystal-chemistrye Several cations can subs- 


titute in each of several sites: 


Sites Cations 
Ao-1 Ky Na 
Xo Ca, Nay Fe@*t, Mgs Mny (K) 


Ys Fe@t, Mg, Mn, Al, Fest, Ti 
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Z8 Sig Al, (Ti) 


Because of this complexity, calciferous amphibole 
analyses are difficult to represent in two-dimensional space 
and discussions of their crystal-chemistry are fraught with 
this probleme The best representation would be based on 
principal component analysise A study was made by Saxena 
et ale (1970) using this method; however, their findings are 
of little use here because the work is based on analyses 
including Fett as well as Fe@t, and OH, and because the ana- 
lyses are from diverse geological environments, both igneous 
and metamorphice 

A classical representation is that of Hallimond 
(1943) which is based on the four major end-members of meta- 
morphic calciferous amphiboles; tremolite (Tr), tschermakite 
(Ts), edenite (Ed), and pargasite (Pa)e In Figure 35, the 
amphiboles analysed form two distinct groups, with two dis- 
tinct, but nearly parallel trends: the actinolite group on a 
Line between Tryo99 and Pago-TsS60; the hornblende group on a 
less distinct alignment between Trogo-Edig and Pago-TSaoe 
This diagram represents the two major substitutions: 

SiMe <-> Aal*2a1©®) and Si <-> Naat *) )-mM 
Another substitution, Fe <-> Mg is shown in Figure 36; here 
again two groups can be recognizede 

In the low-grade metabasites actinolite and horn- 
blende coexiste Hornblende occurs both as rims around the 


actinolite grains and as patchy intergrowths; the contact 
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Figure 35. Calciferous amphiboles in the Hallimond triangle. 
Note: compositional gap. 
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Figure 36. Calciferous amphiboles in a Nee ee diagram. 
Note: compositional gap. 
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between the two phases is generally, although not always, 
sharpe No lamellar intergrowths, suggestive of exsolution, 
have been observede The hornblende appears youngere Similar 
occurrences have been described by several authors (Lacroix, 
19393 Miyashiro, 19583 Shido, 19583; Shido and Miyashiro, 
18593 Klein, 19693 Cooper and Lovering, 19703 Graham, 1974), 
and ascribed to a miscibility gap or to non-attainment of 
equilibrium in a reaction involving a change in the composi- 
tion of the calciferous amphibole phase. 

Graham (1974) compiled amphibole analyses from 
various regions and discussed the miscibility gap problem, 
attributing the gap to incomplete chemical equilibration. 
His diagrams show that using certain representations a gap 
becomes apparent in amphibole composition from some regions 
(Haast, Shikoku, Dalradian) but not from others (Abukuma, 
Aracena)e The absence of gap in some representation cannot 
be construed to mean that there is none, for it is suffi- 
cient to see a gap in one representation to prove the exist- 
ence of a compositonal gape In fact the existence of a mis- 
cibility gap should be studied not in a diagram of composi- 
tonal variable A versus compositional variable B, but rather 
in a diagram of a physical variable (Ty, P, etceee) versus a 
chemical variable (Fe, Al, Mg etceee)e Indeed in Graham's 
diagrams the amphibole analyses showing no compositional gap 
come from regions with a low P/T metamorphic regime whereas 
those with a gap come from regions with a medium to high P/T 


metamorphic regime, like the Wakeham Bay areae 
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In actinolite, of the minor elements, MnO is 
always present in the 0.1-0.3% range; V, Cr, Ni are also 
commonly present (O0-Oc«cl, 0-063, and 0-0-1 wt%® oxide range 
respectively); Ti, Co, and Ba are occasionally presente 

In hornbtende, Mn is slightly higher; TiOo is 
almost always present in the 0.1-0.6% range; there is no 
a enusicondmehanad in V,y Cry CO, Niy Bae 

aer te: a kaersutite-rich hornblende has been 
observed in several samples from ultramafic to gabbroic 
sillse It is distinctly pleochroic, orange brown to Light 
brown, and occurs as poecilitic grains including the olivine 
relics and/or serpentine pseudomorphs. It is generally 
rimmed by pale green to colourless tremolite-actinolite with 
the same optical orientatione It is not as Ti- and K-rich as 
most kaersutites, and the Mg/(MgtFe) ratio is higher (0.8) 
suggesting that the grain analysed may already have retro- 


gressed somewhate 


4. CYCILOSILICATES 


Tourmaline is the only mineral of this group ob- 
served in the areae It is a common accessory (< 1%) in peli- 
tic to psammitic schists as well as in a few calcareous 
rocks$3 one occurrence in a biotite-rich amphibolite indi- 


cates a possible sedimentary source for this rocke 
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OR ATES 


Epidote group minerals are an abundant constituent 
of most low-grade metabasites and some of the impure pelitic 
schistse Their abundance in metabasites decreases with in- 
creasing metamorphic grade; but some persist at high-grade. 
The most common is a clinozoisite-epidote solid solution; 
but zoisite occurs also, generally together with epidote, in 
low-grade metabasitese Both the a and the B optical orienta- 
tions were observede 

Analyses of epidotes give a range in composition 
from 12 to 72 mole%® CazAloFeSiz0,2(0H)- In the thin sections 
studied epidotes are most often unzoned, or only zoned over 
a small range, judging from the birefringence; both normal 
(Fe-rich core) and inverse zoning were observed, the former 
being more commone The miscibility gap proposed by Strens 
(1965) and described recently (Raith, 1976) in a high P/T 
metamorphic domain, is not a prominent feature of the epi- 
dotes of the areae It seems that their position in a 
temperature-composition field is in most cases outside of 
the domain of immiscibility (Fige 37)- In three samples twin 
analyses were carried out; only one shows two distinct com- 
positions agreeing with the miscibility gap of Raith; the 
other two pairs have similar compositionse Of the minor ele- 
ments, V and Cr are almost always present (respectively, 
0-23 and 0-15 wt%e oxide on average )e Ti and Mn are general- 


ly present, but in smaller amountse 
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Figure 37,.A histograms of epidote compositions, 

B T-X diagram of epidotes in reduced sulphide-bearing 
metabasite assemblages, after Raith (1976) and Abraham et al.(1974). 
Bold arrows indicate the change in composition during prograde crystalli- 
zation, light arrows the changes due to diffusional homogenization. 


pyrope eee 


@2-a 703-2 
O3—-~-7ANuYVvGBUA 


grossularite 


Figure 38. Composition of garnets in term of end-members. Arrows 
indicate prograde change in composition. 
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Allanite, a rare-earth enriched epidote, is a 
common accessory in higher grade metabasites; it becomes 
conspicuous at about the grade where epidote becomes tess 
abundante It occurs also in pelitic schists and some 
gneisses, in one of which it reaches 4%. Part of what is 
classified as MRAD (a radioactive accessory mineral) in the 


sample description of Appendix IV is probably allanite. 


e OSILICATES 


Olivine occurs as partially serpentinized relics 
in some of the thicker sills and in one unmetamorphosed 
{ Hadrynian) dykee In the sills, it forms small (0.3-1 mm) 
euhedral grains, floating in large poecilitic amphibolitised 
pyroxenese One analysis gives a composition of Fogs4 with 
minor amounts of Ca, Ni, Mne 

Kyanite is the only aluminosilicate observed in 
the areae It occurs in three outcrops of reactivated base- 
ment gneisses NE of Maricourt. In two cases it is ee Fete 
throughout the rock in centimetric grains, with an alignment 
approximately parallel to the local axial direction of the 
Hudsonian foldinge In the third case it occurs as a ‘vein- 
filling* with muscovite, some 10 cm wide and 1-2 m ltonge 

Staurolite occurs in two localities, in pelitic 


schists with muscovite, biotite, and garnet, at medium meta- 
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morphic gradee Analyses made show that both have an almost 
identical composition with Mg/(MgtFe) = 0.163 they contain 
about 0.5% TiCe and 1-1-5% ZnOe 

Zircon is a common accessory of metapelites and 
metapsammites, where it is easily recognized by its pleoch- 
roic hato in chlorites and biotites; it is also found in 
gneisses, iron formation, and some amphibolitese It was ob- 
served ina sample from the base of an ultramafic sill, but 
is generally absent from ultramafic rocks and metabasitese 

Sphene is found as an accessory in almost all me- 
tabasites and most metapelitese It is less abundant at 
medium to high than at low metamorphic grade, due to the 
presence of an other Ti-mineral, ilmenite, at the higher 
gradee 

Garnet is found in pelitic rocks and some iron 
formations, metabasites, and gneissese It is not very abun- 
dant, either because of a lack of rocks of adequate composi- 
tion or because of the P/T regime of metamorphisme Numerous 
analyses were made and the changes in composition with in- 
crease in temperature are discussed in the section on geo- 
thermometrye 

The garnets are all pyralspites and almandine-rich 
(Fige 38). Some of the low-grade garnets have from 10 to 27% 


MnO. Ni is the only minor element frequently presente 
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Te CARBONATES) 


Catcite is the most common carbonatee It occurs in 
metabasites, ultramafic rocks, pelitic and psammitic 
schists, iron formation, marble and calc-schists.e In iron 
formation ankerite and/or dolomite have also been observed 
with calcitee Calcite may show exsolution phasese 

Analyses have been made of some of the calcites 
and their exsolved phasee Figure 39 shows these analyses in 
a Ca-Mg-Fe(FetMn) trianglee One of the two phases is always 
a Ca-rich carbonate or pure calcite, whereas the other (less 
abundant) contains from 5 to 30-40 at% of Fe and/or Mge 
Coexisting carbonates can be used as thermometers, here, to 
measure the temperature of exsolutione 

A diagram presented by Barron (1974) combines data 
from Harker et ale (1955) and Rosenberg (1967), and can be 
used to estimate temperature of formation of calcite coexis- 
ting with ankerite or dolomite. The composition of catcites 
coexisting with dolomite-ankerite should be on or near the 
lines joining equivalent temperatures in the two sets of 
datae We can see that exsolution took place at about 500°C 
for samples 514 and 448 and about 450°C for 479. These tem~ 
peratures can be used as a minimum for the crystallization 
of the initial phasee 

A small amount of Ni is also present in most car- 


bonate analysese 
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Figure 39. Carbonate host-exolution pairs in relation to experimental 
data on coexisting carbonates. 
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Figure 40.Chromite from sample 300 compared to the fields of chromites 
from alpine-type peridotite bodies (A) and stratiform complexes (S). 


The hatched area corresponds to disseminated chromites from the Bushveld 
complex (after Irvine, 1967). 
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Se OXIDES 


Opaque minerals are present in most thin sectionse 
They could be identified in the polished sections. 

Ilmenite, because of its characteristic habit, 
could be extrepolated from the polished sections to the thin 
sections and recognized in some petitic schists and in most 
higher grade metabasitese A series of ilmenites from metaba- 
sites and ultramafic rocks were analysede They contain no 
hematite in solid solution (Ti=2-00), but are relatively 
rich in MnO (0.5-3%)-e Up to 0.5% MgO may be present, as well 
as some NiO. Some Si and Ca is present in most analyses; 
they may be part of the ilmenite Lattice. 

Rutile is present in only 3% of the thin sections 
studied but in a variety of rock types: low- to high-grade 
metabasite, pelitic schists, calc-schists, hornfels, ultra- 
mafic rockse 

Magnetite is present in most serpentinized ultra- 
mafic rocks as small cubes disseminated throughout the ser- 
pentine phase; it is the major oxide in iron formation and 
can be observed in some metabasites and pelitic schists, 
either alone or with ilmenite or with rutile (rutite + mag- 
netite in place of ilmenite )e 

Hematite has been identified in only two samples 
of amphibolites (coexisting with ilmenite) and in a kyanite- 
bearing gneisse It is also present in the more oxide-rich 


iron formation, together with magnetitee 
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Spinels have been identified in ultramafic rocks 
and in one high-grade iron-rich rocke In this case (573) it 
is an iron-rich hercynite-spinel solid solution with some 
Fe3+ and minor amounts of V, Coy Mny Cr, Zne A Similar 
spinel was also observed in an ultramafic rock of the same 
metamorphic gradee 

Primary igneous spinels are preserved in some of 
the ultramafic sillse In one sample (300) two spinels were 
ebserved and analysed; both appear primarye One is a 
chromite, the other a magnesium-rich hercynite-spinel solid 
solutione Comparison of the chromite composition with those 
compiled by Irvine (1967) shows that it is similar to disse- 
minated chromite of the Bushveld complex, but different from 
other chromites, mainly in its very low Mg content (Fige 
40 )- 

According to Irvine (1967, pe653) "natural spinels 
intermediate between chromite and spinel are especially com- 
mon, thus this series would appear to be relatively stable". 
The coexistence here of two spinels suggests either that, 
under certain conditions, a miscibility gap exists between 
the (Mg,Fe )Cro0Oq and the (Mg,Fe)Ala2Gq spinel series, or that 
the two spinels represent two stages in the differentiation 
of the sille 

Uraninite was observed in a high metamorphic grade 
rock rich in iron (573) that is probably an exhalitee A qua- 
litative check on the electron microprobe show it to be com- 


posed of U and Pb with Little or no Thy ieee it is a low—- 
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temperature uraninitee 


9. SULPHIDES 


Small amounts of sulphides are present in mest 
rocks of the areae But they could only be identified in po- 
lished sectionse 

Pyrrhotite is the more common iron-sulphide in 
metabasites, metasediments and ultramafic rockse Pyrrhotite 
and pyrite may be major constituents (>10%) of some iron 
formation, both the sedimentary type (unit 3) and the exha- 
Lite type (units 5 and 7), and of some pelitic schists (me- 
tamorphosed black shale probably)e The exhalite beds cf unit 
JT may contain more than 70% of pyrrhotite and minor pyrite. 

Chalcopyrite accompanies pyrrhotitee The 
pyrrhotite/chalcopyrite ratio is 5-10 in most rocks; but in 
the major sills at the base of unit 7 the ratio decreases to 
1-Se 

Pentlandite, sometimes with chalcopyrite, has been 
observed as flamme-like exsolutions in pyrrhotites of about 
10 polished sections of low-grade metabasalt, metagabbro, 
and ultramafic rockse A qualitative microprobe check on spe- 
cimen 300 yields Co:Fe:Ni = 10:40:50. These sulphide grains 
are believed to be of primary igneous origine 


Sphealerite and gatena (about 5% each) occur in a 


ban od Pameig oT comb bee a Yo ertuoins adem a 
ak bake aeet od oBFeen via toate tate none, or) 


Wits ae | i * 

f ia! : 
me we, beg Facn a~tored- ay eee at ai, abate 
etitdilaey?t <a oon oh tame? Jin. sn iione tine xr yee 


Th 


ee: 


| ink aoe te C.wOGs ee etomunth ‘ fe : 


“miaa) #17 Hee o4. ores ouch os : * i 

4 ener van 

-34) 2vetdan- oftisag saree » lh man & mt hyeeh Do 
Read fe 


* have ine shed + tipitre nar saat ' eoteds aasid: 


alt 


ree tad 


ah ei tess’ Paks i oe 


o+ regeenogh othe? por : a 


aBed. mar, va bezq sal edo wt 


hangs Fo dd Mudnann ah) aitistabai 
iy hs Wi 
ponding es vsnessebitiy ovina 

Vy “ia ae 


“gies. Tee ewer pewnaw sone an 


oor: a > tn lan Sanat, pi :ome6 
iat : 
iineemaial 


103 


felsic tuff of unit 5 disseminated throughout the rocke A 
second occurrence of galena, in a quartz-calcite vein, was 


found in the vicinity. 


A ISCEL EOU ERALS 


Apatite was identified as an accessory in a varie- 
ty of rock typese It is probably more common than shown in 
the sample description (Appendix IV), as it could have been 
missed ina number of sections amongst clusters of smail 
grains of epidote.e 

Graphite was identified in a few sections of peli- 
tic and carbonate-rich schistse The fine opaque dust common- 
ly seen in low-grade pelitic schists may also be graphite in 
parte 

Prehnite occurs in a few low-grade metabasites in 
vein-filling with Sedalia It appears to be related to late 
stage shearing and retrogressione Three analyses show that, 
in addition to Si, Al, and Co, it contains minor amounts of 
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CHAPTER VI 


METAMORPHIC PETROLOGY 


1. INTRODUCTION 


All Archean and Aphebian rocks in the Wakeham Bay 
area have been metamorphosed to some extente The Archean 
rocks suffered metamorphism during the Kenoran Orogeny; the 
Hudsonian Crogeny metamorphosed the Aphebian rocks and the 
Archean rocks to the north and east of the Cape Smith Belt. 
The Archean rocks to the south suffered little more than 
heating sufficient to readjust mica K-Ar ages; some of the 
observed muscovitisation and chloritisation may also be re- 
lated to the Hudsonian event, especially where it is related 
to schistosity developed along NE trending ‘shear zones 
that cut through Archean gneisses and early Aphebian diabase 
dykese 

The Archean rocks are mostly quartzo-~feldspathic 
eneisses and amphibolites with minor paragneissesSe Where it 


has not be destroyed by the Hudsonian metamorphism, the as- 
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semblage in the amphibolites is andesine-olive-green horn- 
blende; the gneisses show signs of migmatisation, of inci- 
pient anatexise One may therefore assume that the Kenoran 
metamcrphism reached upper amphibolite facies, probably 
above the breakdown of muscovite (with quartz) as the musco- 
vite that can be seen now appears secondarye 

Only the Hudsonian metamorphism will be considered 
belowe 

The Aphebian rocks are divided into metapelites, 
mafic, ultramafic and calcareous rocks, and iron formatione 
Only the pelitic and mafic rocks are widely distributede The 
ultramafic rocks can be observed at lLow-, medium—-, and high- 
grade! , but are less widely distributed. Iron formation 
occurs in abundance only at Low-grade, in the southwestern 
part of the areae The opaque minerals witl be discussed ina 
separate sectione 

The mineral assemblages are supplemented by geo- 
thermometry and geobarometry to describe the regional varia- 


tions of metamorphic conditions during the Hudsonian evente 


1 low-, medium-, high-grade refer respectively to conditions 
equivalent to greenschist (biotite and garnet zones), low- 
amphibolite (staurolite zone), and mid-amphibolite facies 
(near aluminium-silicate triple point). 
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e A LAGES 


A PELITIC ROCKS 


The pelitic rocks are rarely very mature, alu- 
minous rocks; often their composition is transitional to 
that of metabasites, ieee equivalent to a grauwacke, rather 
than a shale3; consequently, indicator minerals Like 
aluminium-silicates and staurolite are rare, and garnet, 
although common, is not abundant. 

On the basis of the observed assemblages, the pe- 
lites can be subdivided as follows: 

otit one 
- quartz + muscovite + biotite + chlorite + albite + opaque 
- quartz + muscovite + chlorite + albite + opaque 
- quartz + muscovite + biotite + albite t+ opaque t epidote 
- quartz + muscovite + biotite + chlorite +t garnet 


(spessartite-rich pyralspite ) 


et zone 

- quartz + muscovite + biotite + garnet (almandine-rich 
pyralspite) + plagioclase +t opaque 

- quartz + muscovite + chlorite + biotite + plagioclase 
+ opague 


- quartz + muscovite + biotite + plagioclase + opaque 
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equivalent to staurolite zone 


- quartz + muscovite + chlorite + biotite 
+ staurolite + plagioclase + opaque 

= quartz + muscovite + chlorite + biotite 
+ plagioclase + opaque 

- quartz + muscovite + chlorite + biotite 
gioclase + opaque 

- quartz +t muscovite + biotite + garnet +t 
+t opaque 

- quartz + muscovite + chlorite + biotite 


+ opaque 
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+ garnet 


+ staurolite 


+ garnet + pla- 


plagioclase 


+ plagioclase 


- gquartz + muscovite + biotite + plagioclase + opaque 


equivalent to kyanite zone 


- quartz + muscovite + biotite + garnet + 
clase + opaque 
- quartz + muscovite + biotite + garnet +t 


+ opaque 


kyanite + plagio- 


plagioclase 


- quartz + muscovite + biotite + plagioclase t opaque 


- quartz + muscovite + biotite + chlorite 


+ opaquee 


+ plagioclase 


The garnet zone is delimited by a garnet-in iso- 


grad based on the distribution of pyralspite garnet with 


less than 9%MnOe But the occurrences of staurolite and 


kyanite were not sufficiently numerous to define isogradse 


The few occurrences of K-feldspar are considered 
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as non-metamorphic: relict sedimentary, in metasandstones 
and metaconglomerate, or igneous, in some metatuffs, or re- 
lated to the Kenoran event in incompletely retrograded 
Archean gneissese Stilpnomelane is absente This absence of 
stilpnomelane and K-feldspar could be used to define minimum 
P-T conditions (Nitsch, 1970) for the biotite zonee The low- 
Erade muscovites are significantly phengitic$; they are dis- 


cussed in the section on geobarometrye 


B IRON FORMATION 


Most iron formation assemblages are equivalent to 
the biotite zone of pelitic assemblagese The observed assem- 
blages ares: 
biotite zone 

- quartz + stilpnomelane + grunerite +t carbonate + magne- 
tite + biotite and/or chlorite 

- quartz + stilpnomelane + carbonate + magnetite +t biotite 
+ chlorite 

_ quartz + garnet + biotite + chlorite + magnetite t car- 
bonate 

- guartz + grunerite + garnet + magnetite t+ carbonate 
+ biotite + chlorite 

- quartz + grunerite + magnetite + carbonate 

- quartz + magnetite + hematite 


~— grunerite + stilpnomelane + chlorite + opaque + carbonate 
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Three samples came from higher grade; they have the assemb- 
lages?: 

garnet zone 

- quartz + grunerite + garnet + biotite + magnetite + car- 


bonate 


equivalent to staurolite zone 


- guartz + grunerite + magnetite + carbonate 


equivalent to kyanite zone 


- quartz + garnet + hercynite + biotite + hornblende 


+ ilmenite 


This last assemblage is in what appears to be an 
iron-rich exhalitee Magnetite is the common iron oxide; he- 
matite is rare except in very oxide-rich rocks; the chlorite 
is of variable composition, but is often iron-rich; the car- 
bonate is a manganese- and iron-bearing calcite, that often 
coexists with ankerite and possibly sideritee Garnet and 
stilpnomelane seem to be mutually exclusive, stilpnomelane 
being a lower grade minerale At higher grade stilpnomelane 
disappears, replaced by grunerite + garnet (+ quartz). 

Comparison with the zonation of James (1955) shows 
that the first group of assemblages does correspond to upper 
biotite zonee Some differences may be noted: the overlap of 
stilpnomelane and grunerite appears broader here; similarly 


chlorite extends higher, and garnet lower, to overlape 
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C ULTRAMAFIC and CALCAREOUS ROCKS 


Ultramafic rocks, because of their occurrence as 


thick sills (at least in part), are particularly prone to 


have metastable assemblages, including igneous minerals and 


some indicating conditions higher than those indicated by 


nearby assemblages in metapelites and metabasi tes. 


ow= ade 


- tremoLli te 


lage 


- tremolite + talc 


- tremolite + talc + carbonate 


- tremolite + carbonate 


- tale + calcite + dolomite or siderite 


- diopside + serpentine + (olivine, enstatite)! 


- diopside + serpentine + tremolite + carbonate + (olivine, 


enstatite ) 


- tremolite 


- tremolite 


- tremolite 


- tremolite 


= ad 


diopside + (olivine) 
diopside + carbonate 
serpentine + talc + carbonate 


serpentine + carbonate 


L Ss 


- anthophyllite? + talc + calcite + dolomite or siderite 


- tremolite + carbonate 


1 in parenthesis: igneous relics 
2 an orthorhombic amphibole of the anthophyllite group. 
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- tremolite + talc 


- tremolite + hiotite 


-grade assembl 
- tremolite + anthophyllite + enstatite + carbonate 
- tremolite + anthophyllite + carbonate 
- tremolite + carbonate 
- anthophyllite + calcite + dolomite or siderite 


- anthophyllite + carbonate + hercynite + epidote 


Cpaque minerals (iron oxides and/or sulphides) are addi- 
tional phases in all assemblagese Chlorite is present in all 
low-grade assemblages and in some of the medium—- and high- 
grade assemblagese The carbonate is calcite or ankeritic 
calcite unless otherwise indicatede The common but not ubi- 
qguitous presence of carbonates suggests that HC0O3 was pre- 
sent in varying amounts in the fluid phase during the ini- 
tial alteration (metamorphism) of the ultramafic rockse The 
large number of assemblages observed, especially at low- 
grade, may thus be explained by the variability of the fluid 
phase as well aes by the presence of significant amounts of 
Al and Fe in the rockse Serpentine is present only at low- 
grade, as is diopside, in H2O0 and COs deficient assemblages. 
Tremolite is present from low- to high-grade, talc at low- 
and medium-grade.e 

The three groups of assemblages (low-, medium—, 


and high-grade) correspond fairly wetl to the sequence of 
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metamorphic reactions presented by Evans and Trommsdorff 
(1970). The major differences are the absence of forsterite 
and the presence of carbonates in the Wakeham Bay areae 
Indeed Winkler (1974) shows that in the system CaO-MgO- 
SiO2z—-H20O-COe at § kb, forsterite is first formed at tempera- 
tures in excess of 640°C if the fluid phase contains more 
than 10% COo, ieee in excess of the highest temperature es- 
timated for the Hudsonian metamorphism in this area (see 
below )e A high proportion of COs in the fluid phase can also 
be invoked to explain the presence (apparently in equili- 
brium) of on staeese in the high-grade assemblages: low 

P( H2O0) decreased the upper stability of a hydrous phase suf- 


ficiently to stabilize enstatite. 


Calcareous rocks are not abundant and most samples 


collected are very impure: they contain significant though 
variable amounts of Fe, Al, and Ke 
Low-grade emblage 
- quartz + biotite + calcite + opaque 
- guartz + plagioclase + chlorite + calcite + dolomite 
+ biotite + amphibole + opaque 


the amphibole is a very pale hornblende or actinolitee 


edium-grade emblages 
- quartz + microcline + phlogopite + chlorite + calcite 
+ dolomite + actinolite + opaque 


- guartz + plagioclase + biotite +t calcite and/or dolomite 
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+ actinolite + rutile and/or sphene + chlorite + opaque 
- quartz + plagioclase + biotite + chlorite + epidote 
+ calcite and/or dolomite t+ rutile + opaque + tremolite 
- quartz + chlorite + tremolite + sulphide + rutile 
This group is characterized by the presence of rutile (in 5 


out of & samples), a relatively rare mineral in other rockse 


-prade a lages 

- guartz (?) + scapolite + phlogopite + chlorite + dolomite 
+ tremolite + talc + graphite 

- quartz + cummingtonite + diopside + pale hornblende 
nar peep 

- scapolite + plagioclase + phlogopite + calcite + diopside 
+ opaque 

- guartz + plagicclase + phlogopite + chlorite + tremolite 
+ calcite + opaque 

The Last two are in Archean rocks and may be relict assemb~ 


lages from the Kenoran evente 


Comparison of these essemblages with those des- 
cribed by Thompson (1973) in impure calcareous rocks, shows 
some similarities; he recognized 4 zones: 

1—- biotite + calcite; 

2- Ca-amphiboltle3 

3- Ca-amphibole + microline; 
4- diopside + microlinee 


Here microline is rare and chlorite is an additional phase 
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in most assemblagese The low-grade assemblages corresnond 
approximately to zone 1, medium-grade to zone 3, and high- 


grade to zone 4e 


D MAFIC ROCKS 


Metabasites are the most abundant rocks in the 
area and cccur in the whole range of metamorphic conditions; 
gradual changes in mineral compositions are best observed in 
metabasitese 

ew-grad mblage 
- albite + actinolite + chlorite + epidote + sphene 


+ quartz + biotite + calcite + sulphides 


High-grade assemblage 


- plagioclase + green hornblende +t ilmenite + quartz 


+ clinopyroxene + garnet + bictite + sulphides 


Between the two, various assemblages can be observed, resul- 

ting from the following reactions and gradual changes: 

1- actinolite -> actinolite + blue-green hornblende -> green 
hornblende 5 

2- albite -> oligoclase -> andesines; 

3- sphene -> ilmenite + sphene; 

4- chlorite becomes more magnesian then disappears; 


S- epidote becomes less abundant, but persits sporadically 
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at high-grade; where it is absent it is replaced by a 
"residual epidote"t (allanite), containing the rare- 
earths, Th, and U that cannot be accomodated in the lat- 
tice of the remaining mineralse 

6- calcite, the usual carbonate, tends to disappear at 
higher grade; 


J- clinopyroxene appears at high grade. 


The transition albite -> oligoclase is used to 
delineate the boundary between greenschist and amphibolite 
facies; it coincides approximately with the changes 
"‘actinolite + hornblende -> hornblende!’ and ‘*sphene -> il- 
menite + sphene’. Chlorite, however, is common up to the 
transition ‘oligoclase -> andesine'’e Garnet occurs sporadi- 
cally throughout the amphibolite facies, being more abundant 
at high grade, and one occurrence is observed in the green- 
schist faciese The presence of garnet seems to be strongly 
dependent on the Fe/Mg ratio of the rocke Stilpnomelane was 
ae in a few low-grade metabasites, cummingtonite in a 
few medium- to high-grade metabasitese The presence of nei- 
ther could be correlated with a change in the other 


mineralse 
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E OPAQUE MINERALS 


The opaque minerals were determined ina series of 
polished sections; ilmenite was recognized by its habit 
(large tabular poecilitic grains) in many medium— to high- 
grade metabasite thin sectionse Rutile and sphene will also 
be considered heree ),P In low-grade metabasites sulphides, 
pyrrhotite (sometimes pyrite) and chalcopyrite are the 
common opaque minerals and sphene is the titanium-bearing 
minerale With increasing grade, sphene is replaced by il- 
menite, but may persist in high-grade rocks, and the iron- 
sulphides decrease in abundance; chalcopyrite persistse 
Megnetite and hematite were rarely observed in metabasitese 

In metapelites a fine opaque dust is often present 
at low-grade which is taken to be magnetite and/or graphite; 
distinct graphite was recognized in only a few rockSse 
Iimenite was recognized in a few medium- to high-grade meta- 
pelitese The sulphides behave as in the metabasitese 

Rutile has been observed ina variety of rockse No 
clear relation appears between the presence of rutile and 
dieitad dnotlie grade, oxidation state, or the presence of other 
mineralse 

The observed assemblages in a FeO-TiOoe-Fe203 
system are: 

- rutile + ilmenite (+ quartz + sphene + carbonate) 
- rutile + magnetite (+ quartz + sphene + carbonate) 


- rutile + ilmenite + magnetite (+ quartz + sphene + car- 
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bonate ) 


- ilmenite + magnetite (+ quartz + sphene + carbonate) 


In ae TiOQs-Ca0O-COs system they are: 

- rutile + sphene + calcite (+ quartz + magnetite) 

- rutile + sphene (t+ quartz + magnetite + ilmenite) 
- rutile + calcite (+ quartz + magnetite + ilmenite) 


- sphene + calcite (+ quartz + magnetite + ilmenite) 


The following reactions have been considered: 
rutile + calcite + quartz -> sphene + COs 
rutile + magnetite + quartz -> rutite + ilmenite 
or ilmenite, 
or ilmenite + magnetite 
(depending on the Ti/Fe 


ratio)e 


Both are prograde reactions; the equilibrium moves to the 
right with increasing temperature (Hunt and Kerrick, 197735 
Mielke and Schreyer, 1972), or decrease in P(CO2) (first 
equation) or in P(O2) (second equation). The assemblages 
above are thus not diagnostic of temperature but of combina- 
tions of Ty, P(COs), and P(O2) that can change rapidly over 
relatively short distancese Most rutile occurrences, howev- 
er, are at medium- to high-grade. 

The assemblages of oxides and sulphide minerals 


can be compared with those described by Banno and Kanehira 
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(1961). Their assemblages correspond to higher P(O2) and 
P(S): hematite and pyrite are common in all basic schists, 
and pyrrhotite and pyrite persist into the amphibolite fa- 
cies; but as here, ilmenite and rutile aprear above the oli- 


goclase isograde 


se METAMORPHIC CONDITIONS 


A GEOTHERMOMET RY 


Intro tio 
The distribution of Fe and Mg between coexisting 
garnet and biotite may be used to estimate the temperature 
of crystallization, assuming equilibrium (Perchuk, 19673 
Saxena, 19693; Thompson, 1976)- The Fe-Mg exchange reaction 


for garnet-biotite pairs may be written: 


(1) FezAloSiz0O,o + KMg3AlSi3z049(0H Jo 


€-> Mg3zAloSi3g012 + KFegzAlSiz042( OH Do 


and the distribution coefficient: 
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(2) KD = b( Fe/Mg)/g(Fe/Mg) 1} 


Assuming ideal solution and constant pressure, we may write: 


(3) KD = exp(-G/RT) 


where T is temperature in degrees Kelvin, G the free energy, 
andR the gas constante 

Perchuk (1967) calibrated the garnet-biotite geo- 
thermometer, by comparison with previously defined geother- 
mometerse Several authors (Kretz, 19593; Frost, 19623 Albee, 
19653 Sen and Chakraborty, 1968) had observed that KD is 
influenced not only by temperature, but also by the substi- 
tution of other elements in both garnet and biotite. 

Saxena (1969) attempted to define and quantify 
these relations using a multivariate regression methode He 
found that gFe, gMn,y gCay bFey bT i, bALS4), and bale) 
(AlC*) and Alf) denote respectively tetrahedrally and octa- 
hedrally coordinated Al) correlate significantly with KD, 
and defined equations, relating KD to these variables, one 
for low-grade metamorphism and one for high-grade metamor- 
phisme He then used principal component analysis to define a 
function to replace KD, a function which into account the 
effect on KD of the cations mentionned abovee This function, 


1 The prefixes b and g refer to biotite and garnet respec- 
tively and will be used as such out through this chapter. 
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the first transformed variable of the principal component 


analysis, is: 


(4) "Transformed KD* = 0.SO13KD - 0.4420exXFe - 0.3474g2Mn 
+ 0.0865gCa + 0.1506bXFe — 0.0333bA1C 4? 


—- 0.3165bA1LC®) + 0.5488bTi 


The atomic proportions correspond to structural formulae 
based on 22 oxygens for biotite and 12 oxygens for garnete 
XFe corresponds to (Fe/FetMg).e Saxena then proposed, as a 
possible geothermometer, a plot of transformed KD versus 
1/T°K of the averages of 3 groups of analyses of garnet-bio- 
tite pairs from different metamorphic grade (Fige 41). 
The following criticisms of his approach may be 
made s 
i- intensive variables other than temperature have not been 
considered; 
2- there is no direct evidence that the first transformed 
variable (transformed KD) should be a better measure of 


temperature than KDe 


It may also be observed that the temperatures used in Figure 
41 for the different groups of analyses could be modified in 
the Light of more recent estimations of metamorphic tempera- 
ture (see for example Winkler, 1974). 

Thompson (1976) presented a plot of tn KD versus 


1/T for a series of garnet-biotite pairs for which tempera- 
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Fig. 41. Biotite-garnet geothermometer of Saxena (1969), 
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ture had been estimated independently from other mineral 
assemblages (Fige 42). He remarks that KD "determined for 
garnet-biotite pairs from high-grade metamorphic rocks shows 


systematic displacements with increasing Ti in biotite". 


Statement th obtem 

The problem is to find a relation between a physi- 
cal parameter, temperature, and a series of chemical para- 
meters, KD, bFe, bM&, geFe, bMg (Cand eventually other ions 
present in biotite and garnet). The chemical compositions of 
coexisting biotites and garnets are not, however, a function 
of T alone, but also of the chemical composition of the rock 
and of other physical parameters: P(s), P€(H20), P(O2), pos- 
Sibly also P(COo)e. 

P(O2) is known to affect the stability of biotite 
(Wones and Eugster, 1965) and that of garnet (Hsu, 1968). 
Atherton (1965) showed that P(O2), as expressed by the ratio 
Fett/Fe3t+Fe2+ of the rock, strongly affects the amount of 
Mn in the garnet and the ratio Fe/Mg in both the garnet and 
the biotite. 

P( H2O) affects the stability of biotite, as shown 
by Wones and Eugster (1965) and by the absence of biotite in 
the dryer parts of the granulite facies. 

P(s) does have an effect on the stability of 
garnet (and biotite) as witnessed by the change in the rela- 
tive order of appearance of garnet and biotite (and horn- 


blende and plagioclase) in different metamorphic terrains 
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(Turner, 1968 )e Perchuk (1967) has calculated that for his 
geothermometer, based on KD alone, a pressure variation of 
+30 kb is equivalent to a temperature variation of -100°. 
The effect of pressure (favoring Mg in garnet over biotite) 
is small in the restricted system considered by Perchuke But 
pressure may have a more pronounced effect on Ca or Mn in 
the garnet as the cell volume change is larger from alman- 
dine to spessartine and grossular, than between almandine 
and pyropee A change in Ca and Mn of the garnet would in- 
directly have an additional effect on the change of KD with 
pressuree To conclude, it may be stated that for a garnet- 


biotite pair: 


(5S) KD( Fe-Mg) = £1 T, P€( Oo), PC H20O), Pls)y Cay C2] 


Where Cy and Co represent the chemical composition of the 


rock, and of the garnet and biotite, respectivelye 


opnosed solution 

In order to find a relation between the tempera- 
ture of crystallization and the composition of garnet and 
biotite the number of parameters on the right-hand side of 
equation 5 must be reducede 

For regionally metamorphosed rocks of greenschist 
and amphibolite facies, one may assume that P(H20) = P(s)5 
although this assumption is invalid for the granulite fa- 


cies, it is probable that P(H20) is sufficiently close to 
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P(s) not to have too great an effect on the present problem 
for rocks from the hornblende-granulite sub-facies, as wit- 
nessed by the common occurrence of biotite in rocks from 
this sub-faciese 

The effect of P(Q2) can be neglected if one consi- 
ders only rocks buffered by one system; for example by con- 
sidering only graphite-bearing metapelitese In practice, one 
may include as well rocks free of graphite but with ilmenite 
and/or magnetite (free of hematite). In the case of coexis- 
ting ilmenite and magnetite, the ilmenite should have a low 
hematite-contente 

The effect of P(s) may in first approximation be 
neglected because its effect on KD is small compared to 
those of temperature and because the effect of pressure and 
temperature are additive (Perchuk, 1967; Atbee, 1965). Also, 
during regional metamorphism, pressure in general increases 
proportionally to temperature, albeit at a different rate in 
different arease 

In order to reduce variations due to the composi- 
tion of the rocks, only pelitic or semi-pelitic composi- 
tions, with little or no carbonates, calcic amphiboles or 
epidotes should be considered, so that the garnet remains 
restricted to a pyralspite compositione 


At this point equation (5) is reduced to: 


(6) KD( Fe-Mg) = £(T,C) 
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where C represents the chemical composition of the coexis- 
ting biotite and garnet. 
Equation 3 shows that in a simple chemical system, 


the relation between KD and T is of the type: 


(7) KD = exp(A/T) 


In a@ more complex chemical system we have, by combining 7 


and 6: 


(8) KD = exp( A/T) + Cy + Co + eee 


Where Cy + Co + eece represents the various chemical para- 
meters of the coexisting garnet and bictite that bear a re- 


lation to KD and/or Te And we may write: 


(9) exp( A/T) = KD + Ci + Coeece 


To find a useful expression of equation 9, the 

following steps were taken: 

1i- gather from the geological Literature as many analyses as 
possible of coexisting garnets and biotitese 

2- estimate a temperature of crystallization on the basis of 
the description of the samples and of the geology of the 
area, using, whenever possible, already existing ther- 
mometers 5 


3- define the chemical parameters (of garnet and biotite ) 


/ oo lee 
7 in { : é a ay in 
Ley i ) 
eociaie ant te cotnumenant 8 


re Wit shill ‘ 


wr) 
aye 


jmeteye Jeolmaio elowotea Bb may 


sagt? wit? to at 7 be a 4 


te “4 i a 
Y at's herd va en rade oo hee J aeineda Ce 


“et &£ Yee Tait wr seen waa P 


; aehbem) ‘tom 


~ - ey 


ett «Bh aah r ep Tor ae : 


Cr ana Rape eae ne “nnn UR 
eer inatd bag. 

"0 aiaed ofr ao a 
or tov Roh orth) Ho Herd: 


~sadt pattetne yboondn 


Letitaid ban tehney ted, ore hawt ott 


pees " ras od - 
* Lite Wee (Vos 3 


i 


| ees 


la a) ee 


126 


that have an effect on KD or are influenced by tempera- 
ture; 
4- calculate a numeric expression of equation 9 using multi- 


variate analysise 


Dat € 

Table 3 lists the source of the analysed garnet- 
biotite pairs, as well as the temperature range estimated 
for each group of analysese 

Structural formulae were calculated where neces- 
Sary, taking a base of 22 oxygens for hiotite and 24 eee 
for garnetse A computer file was created containing for each 
analysed pair, the following variables: f(T), a function of 
temperature (see below); KD, bAlS*%), bAlLC®), HTi, bMny bNa, 
bFe, bMg, bK, bFe%t, b(K+tNa), bXFe (XFe = Fe/FetMg), gFe, 
@Mge, gCay EMny gTi,y gXFe, the ratio Fe3t/(Fe3ttFe2t) for the 
reck, Va‘®)! , and "Transformed KD". Some of these variables 
(like the oxidation ratio of the rock or Fe%t of biotite) 
were available for only part of the garnet-biotite pairs. 
The OH of biotites was not included because water analyses 
are often unreliable and because the proportion of electron 
microprobe analysed minerals is increasing, and will proba- 
bly be even greater in the futuree F(T) is a function of 
temperature, of the form Aexp( -B/T°K)3 the constants A and B 
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Table 3. Source of the garnet-biotite pairs 


food 
SOM DON OAOM Ah WD = 


eee = 


Authors Analyses Estimated 
temperature (°C) 


Hietanen (1969) 7 525-630 
Atherton (1968) 12 510-575 
Hounslow and Moore (1967) #) 550-590 
Wynne-Edwards and Hay (1963) 5 675 

Engel and Engel (1960) 9 600-675 
Lambert (1959) 6 525-575 
Chinner (1960) 2 600 

Phinney (1963) 23 500-600 
Dallmeyer (1274) 15 675-700 
Sen and Chakraborty (1968) 18 550-620 
Kretz (1959) 16 650-675 


Fleming (1973) 7 600 
Lyons and Morse (1970) 3 550 
Albee (1965) 1 550 
Green (1963) 3 575-600 
Goulet (1971) 1 700 
Reinhardt (1968) 2 
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1 
Dahl (1969) 1 
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Metamorphic grade of the areas studied by the above authorse 
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zones: garnet, staurolite, staurolite-kyanite, kyanite, 
kyanite-sillimanite, sillimanite-muscovite.e 

garnet isograd to staurolite-kyanite zone 
staurolite-almandine zone to near the sillimanite zone 
Limit between upper amphibolite and granulite facies 
sillimanite-K-feldspar zone 

garnet zone 

near sillimanite isograd 

zones: garnet, staurolite, staurolite-kyanite, kyanite.e 
hornblende-granulite facies (retrogressive effects 

in some samples) 

zones: garnet(?), staurolite, sillimanite 
sillimanite-K-feldspar zone 

andalusite-staurolite zone 

staurolite zone 

kyanite zone 

staurolite and sitlimanite zone 

hornblende-granulite facies 

Limit between upper-amphibotlite and granulite facies 
Limit between upper-amphibolite and granulite faciese 


were chosen to yield an f(T) in a convenient scale. 
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(10) f£°T) = 1000exp(-1000/T ) 


for example, 274 corresponds to 500°C and 358 to 700°Ce The 
ether variables were multiplied by 100, except XFe and KD, 
which were multiplied by 1000. The result was a matrix of 
165 rows (garnet-biotite pairs) by 22 columns with all num- 
bers between 0 and 999. This upscaling does not change the 
proportions of the chemical variables but provides for 
easier data handlinge The temperature estimates were based 


on Winkler (1974). The following scale was used: 


*isograd* garnet in 500° 
fisograd* staurolite in 530° 
*isograd' kyanite in 540-550° 
‘isograd! sillimanite in 600-625° 
‘isograd! igeewines out 650-675° 
'isograd* hypersthene in 675-700". 


In addition, temperatures indicated by the authors were used 
when they were based on adequate experimental worke Where 
possible an attempt has been made to use other geothermome- 
ters, for example K-feldspar-plagioclasee Where maps of 
sample locations were available, temperatures were interpo- 


lated between ‘isograds'*. 
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ultiv ate gE 
The deta were processed using a multiple Linear 
regression programme made available to the Department of 
Geoclogy of the University of Alberta by JeCe Davise The 
result of multiple linear regression is an equation of the 


type: 


(11) Y = ago + ayzXq + aaXo teee 


relating a dependent variable Y to several independent vari- 
ables Xe Listing of the programme (RMULT) and description of 
the method involved can be found in Davis (1973 )e The input 
was modified to adapt it to the data file and to be able to 
choose any combination of variablese The programme prints 
out a matrix of correlation coefficients and various regres- 
Sion statisticse These were used to examine the relations 
between the various parameters in order to keep only signif- 
icant variables in the regression equatione The correlation 
coefficients in Table 4 express variations among the chemi- 
cal variables induced by changes of physical parameters (T,P 
etceese ) and chemical parameters, essentially the availabili- 
ty of the various chemical elements, ieee the composition of 
the rocke Two elements may show correlation because there 
is: 
1- substitution of one for the other: 

- negative correlation if they are both major ele- 


ments;5 
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- positive correlation if one is a major and the other 
a trace element accompanying the first one3 
2- parallel increase or decrease if both react similarly to 
an external cause; 
3- fortuitous parallel variations (may be due to an unrecog- 


nized external cause)-e 


In the present case the two main factors are temperature and 
rock compositione However, because the population comes from 
a rather narrow range of rock compositions, temperature can 
be assumed to be the major cause of substitutionse 

F(T) shows correlation with tbTi! , tgMg, -gXFe, 
+KD, +bK, -bA16®), -—pbFe3t+, -gMn, -gCay -bMg, -bXFe (by order 
of decreasing R @ )e The main effects of an increase in tem- 
perature are thus an increase in Ti of biotite and Mg of 
garnet (resulting in a lower gXFe)e Fey, Mg, and XFe of bio- 
tite show poor correlation with f(T), Mg in garnet does not 
replace Fe (R( gFe-gMg) small), but rather takes the place of 
Ca and Mne Ca and Mn appear to act sympathetically in gar- 


nets 


We 


R( gMg-geCa) R( gMg-eMn ) 


We 


R( gFe-gCa ) R( gFe-gMn ) 


We 


R( £( T )—-gCa) RC £( t )-gMn ) 


R(KD-—gCa ) =R(C KD-gMn) 


i + or - are for positive or negative correlatione 
2 correlation coefficiente 


sete adt ban -eham « al a1! te 
r any tavlt oar ack 4} 
or vitalhin£e tone. Arod Ts 


wosethy AB OF oth oad weed anor te 


ft ? vo “ ee 


La 


RS) ORT AOR Tae aceshet akon at at aR oD tuesene eae 
fo88 denon nob ehpqog why ovata ict ramyewos. wit tna ‘ 
so OTN Pevagnet <amodt tmsepitigah tan ‘> ‘enna woo prt ~ tor 
omnO8 Dar PE Michie Xe oan sine eit oF oF 3 
‘awode OFF ei 
<ghee vd? s3Ka~- »ehid 1a ii Phone ct a af 
‘20? 1) ewan bm By mas As ar te tam ve, . # is haar on 
26 24 bee oF ire, = tt Oe i 
tot raoh Sonwep 5 ou “rie (Rete ae bestonos VOOq | wane 
or Fn ee 
; of seaiaalal “ by 


(eo K= calat » * eT it? im vobred 


aw aa ae eudt ame 


; at 
on ui ? ihe 


° ae ag? Same deg 


in epetlay. ed arent ad . sedan fat), ve sus 


>"svrme Lk UA bao Smrtememee ¥ le, oF 


132 


The R( f(T)-gMn) for this population is rather smalle The 
reason is that very few of the garnets are from very low 
grade, ieee very few contain the very large proportion of 
spessartine motecule commonly found in the first appearing 
garnet in progressive metamorphism and as a result the range 
of Mn is small. 

Ti of biotite increases with temperature, by re- 
placing AlC®) and Fe3t (negative correlation) in the octahe- 
dral site; concomitantly, K increases; to conserve a balance 
of charge Val®) should decrease but Va‘®) shows negative 
correlation with bFe and bMg, and Little correlation with 
bALC®), HTi, and bFe3t+. This suggests that Va‘®) is indepen- 
dent of the type of trivalent octahedral cation and changes 
in response to the excess charge caused by the sum of triva- 
lent octahedral cationse The negative correlation 
Va C6 )-a1 4) suggests that excess charge in biotite is re- 
duced by an increase in val6) or AlLS*). The reason for the 
positive correlation bNa-Va‘®) is not cleare F(T) also shows 
small negative correlation with gTi and OXeRe (oxidation 
ratio of the rock); the first is probably not significant, 
but the second corresponds to observations made by others 
that with increasing metamorphic grade the oxidation ratio 
eof the rock tends to decrease (Engel and Engel, 19623; Best 
and Weiss, 1964; Hormann and Raith, 1973). The small R( f£(T)- 
bNa) is probably not significante 

KD shows correlation with tgMg, -gXFe, tf(T), 


thTi, thK, -gMny —-gCay -bMge, tbXFe (by order of decreasing 
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R)e 

The good correlation of gMg and gXFe with KD and 
£(T) shows that gMg is the major factor in the change of KD 
with temperatures bMg@ and bXFe show rather poor correlation 
with KD eas with £70 T)e The high R(KD-bTi ) and R(KD-bK) result 
from the similar effects of temperature on KD, bTi, and bKe 
The good correlation of KD with gCa and gMn result from the 
fact that changes in KD are due to changes in gMg, itself 
replacing gCa and gMne 

Some other correlation coefficients are of in- 
terest, although they have little bearing on f(T )e OXeRe 
correlates negatively with Fe of both biotite and garnet, 
ieee an increase in the oxidation ratio of the rock results 
in biotites with less Fe; this corresponds to the observa- 
tions of Chinner (1960). In biotite Fe is replaced by Mg, in 
garnet by Ca: positive correlation of OXeRe with gCa and 
bMge OXeRe correlates with -bTi, +Al6®), -bK3 these are 
probably parallel changes related to temperaturee Various 
good correlations are seen between biotite parameters and 
garnet parameters; they can be attributed to temperature 
caused parallel changese An exception is R(bMn-gMn )e Because 
R( f(T )-—bMn) is small, this correlation probably illustrates 
the availability of Mn from the rocke 

The relationship of KD with the various chemical 
variables discussed above is quite different from the ones 
found by Saxena (1969, Table 2) where KD correlates with: 


at low grade, -gXFe, +bXFe, +tgMn, +tbAl®®), +gMn (by 
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order of decreasing R)e 
at high grade, —gXFe, +bXFe, -bTi, -gCa, -bAl‘%*), 


—bpAlcs6), 


These differences, which are quite marked considering that 
half of the garnet-biotite pairs used here were also used by 
Saxena, are due to the fact that Saxena calculates the cor- 
relation coefficients for sub-populations corresponding to 
marrow ranges of metamorphic grade, whereas here the popula- 
tion encompasses the major part of the regional metamorphic 
domaine This illustrates the fact that the variance of KD is 
caused by changes in metamorphic grade and by compositional 
variables. At this point, it is possible to say that an 
equation expressing f(T) as a function of the composition of 
coexisting garnet and biotite should include at least: 

bTi, gMg, gXFe, KD, bKy bALS®), bFe3+, gMn, gCae Because of 
the impossibility, in practice, of determining the 
ferric/ferrous ratio with the electron microprobe, Fe3t will 
be excluded, and total Fe only considered, as an approxima- 
tion of Fe?*t,. 

Regression equations were calculated using the 
programme RMULT, for the above set of variables, as well as 
verious other combinationse The equations were evaluated by 
the ‘standard deviation of the estimated Y', jeee the devia- 
tion of the £(T) calculated by the equation from the f(T) of 
the data file. At this stage, the temperature estimated pre- 


viously for each garnet-biotite pair was reexamined with the 
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help of a computer plot of calculated f(T) versus estimated 
f(T). The temperature of pairs showing a systematic depar- 
ture from the estimated f(T) for the various regression 
equations was reajusted within the Limits of the temperature 
scale given above, where reasonably possible, or the pair 
excluded from further calculations, where no reason could be 
found for the departuree Two groups were excluded (Dahl's 
and Reinhardt's) to keep a balanced distribution over the 
total range in temperaturee The result was a population of 


125 garnet-biotite pairs that yielded the equation: 


(12) f(T) = 399.647 + 72.7KD — 8e23bA1°9)? + 54.82nTi 
+ 12.94bFe + 4.49bMe + 24.01bK + 22.-38gFe 
- 26-23eMe + 4-38eCa + 12.42¢Mn 


- 80.76bXFe - 264.9¢gXFe 


with a standard deviation of the calculated f(T) of 
6-89( 16°) for the population of 125 pairs, and 12-0( 21° ) 
when equation 9 is used to caiculate f(T) for the total po- 
pulation of 165 pairse By comparison, an equation calculated 
us ime ently the variables yields a standard deviation of 
6-48( 15° );} a decrease in +1° for an increase from 12 to 19 
independent variables. 

A regression of f(T) versus transfe KD of Saxena 


(1969) yields the equation: 


(13) £(T)/1000 = 0.3516 + 0.0881Transfe KD 
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with a standard deviation of the calculated £(T) of 12.23 
(29°) for a population of 125 pairse Note that this equation 
is not a numeric expression of Figure 7 of Saxena (1969) 
(Fige 41), the temperature calibration being quite different 
from the one used in the present studye 

A regression of f(T) versus bTi, the variable that 
shows the highest correlation with f(T) (after transfe KD), 


yields the equation: 


(14) f(T) = 281.53 + 123. 34bTi 


with a standard deviation of the calculated £(T) of 12.94 


(30° ). 


u fe) Cc tusio 
An attempt will now be made to estimate the value 
of equation 12 as a geothermometer. First the causes for the 
deviation of the calculated f(T) from the estimated f(T) 
witl be examined. They ares 
1- poor estimate of the equilibrium temperature of a garnet- 
biotite pairs; 
2- poor analyses;3 
3- zoned garnets or biotites; 
4- rock composition outside the range specified in 3/3 
S- P(O2) outside the range specified in 3/3 


6- bad choice of variables for equation 12. 
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i- Temperature estimate 

The temperature scale presented in 4/<¢ above is 
probably accurate, although this may be subjective, but it 
is not very precisee The error on the temperature, corre- 
sponding to the garnet isograd for example, is on the order 
ef 30°; so is that of the triple point of the aluminium si- 
Llicatese The muscovite cut isograd is strongly dependent on 
the local P(H20)- Above this isograd there are no good tem- 
perature markers, except maybe the iron-titanium oxides geo- 
thermometer for which no information is available in any of 


the scurce studiese 


2- Quality of analyses 

Examination of the analyses recast into structural 
formulae reveals that a large number show a marked departure 
from the theoretical formulae These discrepancies are more 
easily recognized in garnet where they may attributed, to a 
certain extent, to minute inclusions (analyses by methods 
other than microprobe )e In certain cases (Kretz, 1959), it 
wes necessary to recalculate the Fe, Mg, Ca, and Mn of 
garnet to a total of 6e Whereas such discrepancies are not 
all too important when studying the relations within one 
population (assuming a systematic analytical error) or when 
using only element ratio, it may increase markedly the 
variance of a complex parameter calculated with the struc- 
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3- Zoning 

Regional metamorphic garnets are often zonede Many 
studies have been made on the subject (see for example 
Atherton, 19683; Cooper, i972; Tracy et ale, 19763 and re- 
ferences therein)e By comparison with the prograde chemical 
changes in garnet, one may distinguish normal zoning when Mn 
and Ca decrease and Fe and Mg increase from core to edge, 
from reverse zoning when these changes are reversede Zoning 
in garnets is particularly marked at low to intermediate 
grade, where it is generally normal; high grade garnet tend 
to be unzoned, except for a narrow fringe of reverse zoning 
(Tracy et al, 1976). 

Little is known about zoning in biotitee Colour 
zoning of metamorphic biotite is rarely seen in thin sec- 
tione The intensity of the brown colour of biotite is re- 
lated (Troger, 1959) to its content in Ti, which we have 
seen is a good indicator of temperaturee Biotite can thus be 
considered as mostly unzonede Tracy et ale (1976) state that 
for Mg and Fe "biotite was found to be essentially homo- 
geneous within individual specimens, except in Zone VI where 
biotite immediately adjacent to garnet is more magnesian 
than elsewhere in the rockeee, due to local retrograde 
exchangee" Zone VI corresponds to their highest metamorphic 
grade (sillimanite + K-feldspar + cordierite )e 

The zoning of garnet will introduce an error in 
the derivation of equation 12 as most analyses used are of 


garnet separates and not all those done by electron micro- 
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probe give the location of the analysed pointse 


4- Rock composition 

Only few of the garnet-biotite pairs used to 
define equation 12 come from rocks with epidote, hornblende 
or calcitee This should therefore not add too much to the 
standard deviation of £(T) calculated from the population of 
125 pairs; it adds, however, to that calculated for the 


total population of 165 pairs. 


5- Oxygen pressure 

We have seen in 2/4 above that P( O02) affects the 
stability of biotite and of garnete The analyses compiled 
are in general of medium oxygen pressure, corresponding to 
coexisting ilmenite-magnetitee Consideration of the correla- 
tion coefficients showed that P(O2), as represented by the 
oxidation ratio of the rock, had a similar effect on garnet 
and biotitee Indeed two garnet-biotite pairs from the same 
metamorphic grade, but different oxide assemblages, one with 
ilmenite-magnetite (OXeRe=13-7%), one with magneti te-hema- 
tite (OXeRe=74.-8%), show a difference in temperature of less 
than 10° as calculated with equation 12. Oxygen pressure is, 
therefore, not a major cause of variance of the calculated 
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6- Choice of variables 

The choice of variables for equation 12 may not be 
optimal and as such add to the variance of the calculated 
#£(T)-. But whether the choice is optimal or not can only be 
determined when most or all of the variance, due to factors 


discussed in 1 to S above, has been eliminated. 


The adequacy of equation 12 as a geothermometer is 
difficult to teste The standard deviation of the calculated 
f(T) gives only the quality of the fit of the equation to 
the data base, and its value as a test rests on the accuracy 
and precision of the temperature estimates of the data basee 

Comparison of the temperature calculated with 
equation 12 can be made with other garnet-biotite geother- 
mometers or geothermometers based on other coexisting 
minerals and applicable to the temperature domain consi- 
dered, for example plagioclase-K-feldspar, iron-titanium 
oxides, garnet-cordierite, paragonite-muscovite, etcCece 

Comparison could be made with the plagioclase-K- 
feldspar for the garnet-bioctite pairs of Engel and Engel 
(1862). It yields temperatures of 520-600°C after Barth 
(1956) (given by Engel and Engel), or §80-670°C using Figure 
3 (5 Kb) of Stormer (1975)-e These ranges were obtained by 
averaging the temperatures of groups of samples from the 
lowest and highest gradee The variance, however, is great; 
temperatures vary by 40-50° within each groupe By contrast, 


using equation 12, the range per group is only 25° (if a 
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hornblende bearing sample is excluded); the total range is 
625-685°C. 

Comparison of the temperatures obtained from the 
various garnet-biotite geothermometers (Perchuk, 19673 
Saxena, 19693 Thompson, 1976) and equation 12, can only be 
used to estimate the relative precision, as expressed by the 
standard deviation of the calculated temperatures of groups 
of pairs from the same metamorphic gradee The accuracy is 
determined by the temperature scale used in calibrating the 
geothermometer: the temperature scales of Perchuk and 
Thompson are similar to the one used here, that used by 
Saxena 100-15C0°C lower. For groups of garnet-biotite pairs 
from the same source and the same metamorphic grade, the 
Saxena geothermometer shows standard deviations greater by a 
factor of 1 to 2 than those obtained from equation 123; the 
geothermometers based on KD alone (Perchuk's and Thompson's) 
show standard deviations greater by a factor of 1 to 8 than 
those obtained with equation 12. It is seen from this that 
temperatures obtained using equation 12 are more precise 
than those obtained using other garnet-biotite geothermome- 
terse Their accuracy is that of the temperature scale given 
in 4/4 abovee 

Equation 12 is therefore proposed as a garnet-bio- 
tite geothermometer. It is applicable to rocks of pelitic to 
semi-pelitic composition with little or no carbonates, 
calcic amphibole or epidote, over the whole range of coexis- 


tence of garnet and biotite (approxe 475-700°C). It is not 
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very sensitive to changes in P(0O2)3 the effects of a change 
in P(s) are not knowns; but they should be small (see 2/. 
above ).e The garnets and biotites should be analysed prefera- 
bly using a microprobe and by locating the analysis points 
near the edge of garnets, if possible near a biotite grain, 
for metamorphic grades up to 600-650°C3 further inside the 
garnet and on biotites not too near a garnet at higher 
grade. The precision to be expected is +10-20". 

It is believed that this geothermometer will be of 
use to students of metamorphism who, in this age of compu- 
ters and hand-held electronic calculators, wiil not be de- 
terred by the apparent complexity of equation 12. In cases 
where a more approximate estimation of temperature is suffi- 
cient, equation 14 can be used which requires only the know- 
ledge of titanium in biotite coexisting with garnet and 


should have a precision of +30”. 


B GEOBAROMETRY 


1e value of Ww t cas 


a/ Introduction 

Sassi and Scolari (1974) showed that the bg cell 
dimensions of potassic white micas can be used as a barome- 
tric indicator in low-grade metamorphisme They devised an 


empirical scale of bg values characterizing the various 
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baric types, from low pressure (for exe: Bosost) to glauco- 

phanitic metamorphism (for exe: Sanbagawa) (Table 5)e Their 

method is based on the following observations: 

1— the bo spacing of the potassic white micas may be used to 
estimate their phengite (or celadonite) content (Cipriani 
et al, 1968); 

2- at low metamorphic grade, the phengite content of the 
potassic white micas increases with increasing pressure 
of formation, other conditions (temperature, rock compo- 
sition etceee) being equal (Cipriani et ale, 19743 Ernst, 


19633 Velde, 1965 and 1967). 


In order to gain insight on the baric type of me- 
tamorphism of the Wakeham Bay region, a suite of samples 
from the western map area, as well as & samples from the 
lowest grade part cf the eastern map area, were chosen and 


the bog value cf the potassic white micas measurede 


b/ Description of the samples 
Sassi and Scolari (1974) state that the specimens 
used should, as far as possible be: 

1—- isochemical and of pelitic composition (phyllites and 
quartz-phyllites of Fritsch et ale, 1967); very quartz- 
rich rocks, chlorite-rich rocks and rocks in which K-feld- 
spar occurs as an essential component give high b? val- 
ves; carbonate-bearing rocks give low bg values; 


2- cf low metamorphic grade (chlorite or biotite zone): the 
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Table 5S. Empirical scale of the bg values of potassic white 
micas in low-grade metamorphism of pelitic schists (from 
Sassi and Scolari, 1974). 


Facies series 1 2 3 4 5 6 


Mean b 3° (@) =8.990 =8.995 =9.010 9.020-9.025 =9.035 =9.055 

1 Low pressure metamorphism (andtcord) without chlorite 
zone (for exe: Bosost )e 

2 Low pressure metamorphism (andtcord) with chlorite zone 
(for exe: Hercynian metamorphism in Eastern Alps )e 

3 Low-intermediate pressure metamorphism (and) with the 
chl->bio->alm sequence in the greenschist facies (for 
exe: New Hampshire )e 

4 Typical Barrovian metamorphism (Dalradian metamorphism in 

Scotland )e 

Barrovian-type metamorphism, with simultaneous first ap- 

pearance of biotite and almandine (for exe: Otago)e 

6 Glaucophanitic greenschist facies (for exe: Sanbagawa )-. 


on 


phengite content of the potassic white micas decreases 
with increasing temperature (Lambert, 19593 Velde, 1965 
and 192673 Ciprani et ale, 1974); 


3- lacking in paragonite, pyrophyllite and margaritee 


The samples used in the present study do not con- 
form very strictly to the first condition because true phyl- 
lites are common only in a narrow zone in the southern part 
of the western region; as a result many specimens are 
quartz—- or chlorite-rich or carbonate-bearinge Only a few 
contain K-feldspar as an essential component (retrogressed 
basement gneisses )e 

The samples are from the greenschist facies, equi- 
valent to biotite or garnet zone; chlorite is still an es- 


sential constituent of the associated metabasitese A few 
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samples from the amphibolite facies have been measured, but 
the results are excluded from the cumulative curvese 
Paragonite was found in one sample which was excluded from 


Table 5. 


cf Methodology 

The rock samples were saw-cut perpendicular to 
schistosity into 2-4 mm thick slicese The X-ray diffraction 
analyses were done with a Phillips apparatus, using Cu Ka 
radiation, a curved crystal monochromator and 1” divergence 
and receiving slitse A time constant of 4 seconds was used 
with a scanning speed of 1° 24/mn and a chart speed of 1 
cm/mne A range of 59 to 63° of 20 was scanned (5 times per 
sample), in order to measure the (060) peak of the potassic 
white mica using the (211) peak of quartz in the rock as an 
internal standarde At the same time the possible occurrence 
of paragonite, margarite, or pyrophyllite could be verified 
((060) peak at 62-5, 6228-63-0, and 62-3° 20 respectively). 
The sample was oriented with the schistosity either parallel 
or perpendicular to the slits of the diffractometer depend- 
ing a the relative amounts of quartz and white mica present 
in the rock$; it was observed that the mica peak tended to be 
higher and the quartz peak lower in the perpendicular posi- 
tion, probably as a result of preferential orientation of 
both of these minerals within the schistosity plane. 
Cccasionally the biotite and/or chlorite (060) peak inter- 


fered with the (211) peak of quartz necessitating the re- 
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course to the (112) or the (203) peak of quartz. 

The standard deviation of the bg measurements 
varied from 0.001 to 0.008K in most cases it was between 
0.002 and 0.004A. The (060) peak of the white mica was 
generally broad, suggesting a certain variation in the com 


position of the white mica within a given sample. 


d/ Results and discussion 

The measured bg vatues are plotted on a map of the 
Wakehem Bay area (Fige 43) and listed on Table 6. 

A rather large spread of bo values have been mea- 
sured (9.005 to 9.0404). Despite this variability of the 
results, one may recognize a southern domain with Lower bg 
values and a central to northern domain with higher bg val- 
uese A few very high values occur, however, in the South and 
a few very low ones in the Northe The southern high values 
correspond to retrogressed basement gneisses; the northern 
low values correspond to samples from the amphibolite fa- 
ciese Those values were thus discardede 

A cumulative freqency plot of all bg values on 
nome L probability scale (Fige 44) illustrates the presence 
ef two populations; two straight lines fit the data better 
than one single straight linee Taking the limit between the 
Pelitic Group and the Volcano-Sedimentary Group as a boun- 
dary one may split the data into two populations, each fit- 
ting a straight line (Fige 44). A Student's t-test on the 


means of the two populations shows them to be different at 
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Table 6. Location of samples and bg value of the potassic 
white micaSse é 


Labe Field Coordinates bo (A))T6 Remarks 
No No 
eee C19-2 155 110 9-032 basement gneiss 
eee C19-7 142 109 9.046 basement gneiss 
eee C1i9-10 131 95 §.018 
564 H1i-9C 317 74 9.014 
8&9 H2-10 319 75 9.012 
S1 H2-2 321 79 9.029 basement gneiss 
eee H4-9B 335 129 9.018 
eee H4-9C 335 i129 9.020 
eee H4-10B 336 134 9.011 
eee H4-17C 313 124 9.018 
ece H4-20 308 114 9.019 
98 HS5-28A 254 206 9.016 
102 HS-33 259 196 9.015 
i151 M2-9 290 156 9.017 
153 M2-13 294 161 $.008 
172 PS-i8 69 111 9.015 
eee P9-24 69 128 9.017 
eco P9-26 72 35 9.012 
eee RIB-6H 197 &6 9.019 
eee RIV-I13B 189 98 9.031 basement gneiss 
eee S1i-3 255 £80 9.026 
227 S$2-1-2 291 98 $.005 
237 $2-1-14 291 98 9.018 
eee S2=-3-1 285 100 9.015 
241 S4-13A 258 117 8.014 
242 S4-14A 263 123 9.019 
246 S4-22A 238 137 9.010 
247 S4-25B 234 128 9.014 
eee S7-SA 307 184 9.014 
eee SE8—-1A 232 100 9.017 basement gneiss 
eae S68-7A 209 111 9.008 
449 S68-7C 209 111 9.014 
ene S6é8-9A 207 120 9.017 
eee S6S—-11A 216 132 9.006 
450 S68-14C 196 160 9.013 
454 s70-5 207 178 9.029 
eee C22-3B 160 360 9.027 
eee C27-S8A 224 450 9.014 
eee C27—8B 224 450 9.012 
eee C28—-2B 205 470 9-027 
eee C29-6A 242 464 9.015 


eee C29-6C 242 464 9.022 
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107 H11-7P 291 325 9.015 

109 H11-SE 291 326 9.017 

112 #H1i1-10D 292 327 $.022 

118 Hi2-6B 296 334 9.015 in amphibolite facies 
eee H1I2-10D 303 3352 9.019 in amphibolite facies 
8SCQ R6-3 105 525 9.020 in amphibolite facies 
eee R8-4 107 464 9.029 

552 R9-6 60 527 9.011 in amphibolite facies 
eee R11-1K 145 440 9.037 

ece R1I2—-2B 164 234 9.027 

eee R12-3 163 235 GS.016 

ece RI2—4 168 238 9.027 

188 R12-5A 167 238 $.019 

eee R1i2=-5B 168 238 9.014 

221 R22-2D 218 342 9.022 

255 S6-14 315 216 9.024 

257 S6-15 309 215 9.023 

258 S6-16 308 211 $.030 

274 S9=-2D 213 244 9.036 

288 S$14-17B 236 424 9.011 

291 S14-17E 236 424 9.029 

292 S$14-17F 236 424 9.023 

296 S14-22A 231 439 9.015 

320 S15-4E 218 443 9.011 

333 S§15-6C 217 461 9.016 

336 S16-1A 221 492 $.004 basement gneiss (amphi- 

bolite facies) 

342 S16-1H 221 492 8-991 in amphibolite facies 
348 S16-2B 220 491 8.991 in amphibolite facies 
eee S69-10 135 370 9.031 

458 S72-2A 163 346 9.021 

472 S73-9A G90 514 9.035 

PA S74-5B SO 466 9.028 

eeoe 8§$74-5C 90 466 9.027 

eee S53-9D 548 408 9-027 

382 S53-11E 547 400 9.025 

ece S60-1A 528 395 9.040 

ece S62-SA 574 400 9.013 

eee S62-7B 575 405 9-034 
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the 99.95% level of significance (t=4-.76 ). 
This variation from south to north in the mean bg 
could be attributed to one of the following: 


1- systematic difference in sample chemistry; 
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Fig. 44, Cumulative frequency curves of potassic white micas of the 


Wakeham region, illustrating the presence of two populations. 
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2- difference in metamorphic temperature; 


3- difference in metamorphic pressure. 


Whereas most samples from the southern domain are 
closer te phyllites than those in the northern domain, it 
remains that many are relatively quartz-rich and several are 
chlorite-rich, but still have tow bo valuese Furthermore, 
more samples from the northern domain tend to have car- 
bonates and epidote than those from the southern domaine The 
difference in rock chemistry does not appear to be suffi- 
cient to account for a systematic difference in mean bg, but 
may account for the scatter in values, particularly in the 
northe 

Temperature differences between the two domains 
are small, and would rather favor a decrease in the bg 
values of the northern domaine 

One must therefore conclude that this difference 
in mean bo is due to a slight difference in metamorphic 
pressuree The significance of this difference is not clear; 
but one may note that the boundary between the two domains 
corre sponds approximately to the limit between what can be 
considered as a eugeosynclinal domain in the North, with a 
thick sequence of basic volcanics, and mostly immature sedi- 
ments and a miogeoclinal domain in the South with a thin 
sequence of mostly mature sedimentse 

Figure 45 and Table 7 compare the bg values of the 


Wakeham Bay area with those of classical metamorphic arease 
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Table 7. Summary of bg values of potassic white micas, com- 
pared with those of classical metamorphic areae (After Sassi 
and Scolari, 1974). 


SS SS SS SS SS SS 9 Sw Ss ws Sw ee ee ew ww os ws = a 


Population Number of Mean Standard 
Samples bo(A) deviation 

1. Bosost 132 8.994 0.002 

2e Ryoke 46 9.013 0.006 

3e Ne New Hampshire 17 9.011 0.010 

4. Eastern Alps 100 §.038 0.008 

5e Otago ; 35 9.039 0.005 

6- Senbagawa 34 9.054 0.006 

7e Daday-Ballidag 46 $.056 0.007 


&. Wakeham Bay 


ae South 31 9.015 0.005 
be North 37 9.023 0.008 
ce South + North 68 9.020 0.008 
de retrogressed gneisses 5 9.0231 0.010 
€e amphibolite facies ¥ 8.007 0.012 


Se ee Sw SS SS Sw SS © © Sw oP OO SS © SS © © Se oe = oe ow OO © © oe we © © oe om Oe © © wre = = ow ow we em ee 


The mean bo of the southern domain is close to that of the 
Ryoke area, whereas the mean bog of the northern domain and 
that of all samples fall in the realm of typical Barrovian 
metamorphism on the empiricat scale proposed by Sassi and 
Scolari (1974) (Table 5). 

It is interesting to note that most of the cumula- 
tive frequency curves in Figure 45 reveal the presence of 
two cr even three populations, ieee Of variations in the P/T 
regime within the areas considerede Such a variation in the 
P/T regime has recently been described in the Scottish 


Caledonides (Fettes et ale, 1976). 
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Cumulative frequency curves of b, values of potassic white micas 


Fig. 45. 
of the Wakeham Bay region, compared to those of classical metamorphic 


areas (after Sassi and Scolari, 1974). Note: the "Eastern Alps" curve cor- 


responds to the Alpine metamorphism in the eastern Alps. 
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e/ Conclusions 

The use of the bo value of the potassic white 
micas as a barometric indicator shows that the Wakeham Bay 
area has undergone an intermediate pressure metamorphism 
similar to what has been called Barrovian metamorphism, but 
that P/T was higher in the northern and central parts of the 
belt, consisting of a thick sequence of basic volcanics and 
mostly immature sediments, than in the southern part of the 
belt, consisting of a thin sequence of mostly mature sedi- 


mentse 


T L ase- et-Al = t emblage 
Ghent (1976) presented a geobarometer-geothermome- 


ter using the reaction: 


i) 3CaAlsoSi2oOg = CazAleSiz0;2 + 2ZALSsSiOsg + Side 


Janorthi te grossular + 2Al=-silicate + quartz 
The equilibrium for the reaction with kyanite can be des- 


cribed by equation (1b) of Ghent( 1976): 


(2) 0 = -3272/T + 8.3969 - 0.3448( P-1 )/T 


where T is the temperature in degrees Kelvin and P is the 
pressure in barSse 


For the assemblage plagioclase-garnet-kyanite-~ 


quartz, where cenly kyanite and quartz can be considered as 
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pure phases, terms for activity of anorthite solid solution 


in plagioclase (a2) and activity of grossular solid solution 


in garnet (a, ) have to be added: 


(3) 0 = -3272/T + 8.3969 -— 0.3448( P-1)/T 


+ log ay - 3log ao 


where ay = Xf~.Y?~ and az = X2eVo 


X,; = mole fraction of grossular 
Y1 = activity coefficient of grossular 
Xe = mole fraction of anorthite 
Yo = activity coefficient of anorthite 


The activity coefficient can be calculated (Ghent, 1976) by: 


(4) in Y = (1-X,)2W/RT 


where W for an almandine grossular mixture is near 
1 Keal/motlte (Ganguly and Kennedy, 1974). The activity coef- 
ficient for anorthite is 1.276 for the range Ang-63.8 
(Orviile, 1972). Table 8 gives the compositions and calcu- 
lated preweures for two samples for which temperatures had 
been obtained independently using the garnet-biotite geo- 
thermometer (see also Fige 46). 

The two samples are ltlocated about 1.5 Km apart in 
the field; even assuming the present surface vertical at the 
time of metamorphism, this distance could account at most 


for a difference in pressure of 1/2 Kbe Similarly the dif- 
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KYANITE | 


ANDALUSITE 


200 300-400 foo Fedo do B00” 
nC 
Fig. 46. Pressure-temperature diagram showing Al 2Si05 phase relation- 
ships, (1) after Richardson et al.(1969) and (2) after Holdaway(1971). 
P-T curves for log KD = -1.0 and -2.0 calculated from equation (lb) of 
Ghent (1976), using an ideal solution model. 
P-T relations of two samples of the eastern Wakeham Bay region 
are plotted as circles, ideal solid solution, and triangles, non-ideal 


solid solution. 
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Table 8. Composition of garnet and plagioclase in kyanite- 
bearing samples, and calculated pressuree 


Semple number 391 551 
Temperature from biotite~garnet 896°K 874°K 
Mole fraction of anorthite in plagioclase 0.26 0.25 
Mole fraction of grossular in garnet 0-058 0.046 
Mole fraction of almandine in garnet 0.722 0.781 
Mole fraction of pyrope in garnet 0.161 0.154 
Mole fraction of spessartine in garnet 0-060 0.019 
Log KD -1.955 -2-206 


Activity coefficient of grossular in garnet -1.-646 -1.732 
Pressure calculated assuming: 

1. Ideal solid solution 7e22 Kb 6-20 Kb 
2e Non-ideal solid solution 8.12 Kb 7-25 Kb 
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ference in temperature (38°) would produce a gradient in 
temperature of 25°C/Kme This again assumes the present sur- 
face to have been nearly vertical at the time of metamor- 
phism which is not supported by the structural relations of 
the areae Cne thas to conclude from this that the calculated 
temperature difference is too large, resulting in too large 
a difference in calculated pressuree Recalculating the pres- 
sures using an average temperature of 885°K reduces the dif- 
ferences to about 1/2 Kbe 

The conclusion is that at a temperature of 610°C, 


the metamorphic pressure was 7 Kb, possibly 8 Kbe 
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C TEMPERATURE ZONATION 


The garnet-biotite thermometer described above is 
applied to the Wakeham Bay areae The garnets and biotites 
from all samples of pelitic and semi-pelitic rocks were ana- 
lysede The temperatures obtained are Listed in Appendix IV 
and shown on Figure 47. The garnet-biotite-bearing samples 
tend to cluster in certain arease From these clusters one 
can see that in a restricted area, the temperatures obtained 
vary littte, if one excepts the odd sample; indeed, because 
of the paucicity of garnet-bearing samples, those analysed 
do net always conform strictly to the restrictions specified 
in the section on geothermometry and as a result some of the 
temperatures ocbhtained are clearly out-of-Lline. 

A series of isotherms were interpolated from these 
data, supplemented by the distribution patterns of minerals 
(mainly plagioclase) and field observations (degree of crys- 
tallinity, etceeese Je In addition to isotherms, a garnet iso- 
grad is traced, based on the presence in metapelites of 
garnet with less than 9 wt% MnO (Cabout 1-2 Mn in the struc- 
tural formula). 

Two observations can be made at this point: 

1- the isotherms tend to parallel (at least in the westerm 
map area) the Aphebian-Archean contact; 

2- the garnet isograd may not be isothermal jeee it may cor- 
respond to a higher temperature in the South than in the 
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Garnet-biotite temperatures and isotherms 


Figure 47. 


of metamorphism. 


Legend 


@ 525 temperature (°C) by garnet-biotite thermometer 
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Vv. TIONS I C Os U 


An attempt is made to correlate the thermal zona- 
tion (Fige 47) not only with the distribution of minerals 


but also with variations in their compositione 


A PLAGIOCLASES 


The An content of the plagioclases was determined 
in some 150 samples of metabasitese In these samples the 
plagioclases are generally small, interstitial grains with 
no visible twinning or cleavagee The An content was deter- 
mined : 

i- with the U-stage by measuring the optic axial angle in 
law-grade samples where the plagioclose can be assumed to 
be in the range Ang—25 and no ambiguity arises in 2V 
versus An3 

2- by fully quantitative energy dispersive microprobe analy- 
sis (Smith and Gold, 1276)3 


3- by rapid energy dispersive analysis (see Appendix II). 


The results are presented in Appendix IV, together with the 

temperature estimated from the garnet-biotite thermometer. 
The An content of plagioclases has been used for 

metamorphic zonation (see for example Wenk and Keller, 1969, 


in the Alps)e The plagioclase in amphiboltlites varies there 
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from albite in the greenschist facies to labradorite in the 
upper amphibolite facies. 

The distribution of An content of plagioclases for 
the Wakeham Bay area is shown in Figure 48 together with the 
oligoclase isograd.e This isograd corresponds to a tempera- 
ture of about 525°C (Compare with Figure 47). An andesine 
isograd was not traced, but it would correspond about to the 
580°C isotherme Very few plagioclases have a labradorite 
composition; they occur in the eastern most part of the 
area, above 600°C (in Figure 48 they are grouped with 
andesine ).e 

It has been observed in many areas that the compo- 
sition of plagioclase in metamorphic rocks jumps from albite 
to calcic oligoclase near the greenschist-amphibolite facies 
boundary (see for example Brown, 19623; Crawford, 1966, and 
references therein). This jump has been attributed to the 
existence of a solvus, the peristerite solvuse Noting that 
this jump in composition is not observed in regions of low 
P/T metamorphic regime, Brown (1962) proposed a T—-P-X dia- 
gram in which the peristerite solvus plunges beneath a pla- 
es otne: breakdown surface at low pressuree 

Crawford (1966) made a detailed study of plagio- 
clase compositions in semi-pelitic schists from Vermont 
(UeSeAe) and New-Zealand, along traverses across the biotite 
and garnet zonese She concluded that an asymmetric peris-—- 
terite solvus is present with a top at Ans and 450-490°C. 


The metamorphism of both areas is of the intermediate P/T 
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typee Her conclusions thus are in Line with Brown's model. 

In metabasites, equilibrium with other phases, 
including fluid phases, controls the bulk plagioclase compo- 
sition; the position of this composition with regards to the 
peristerite solvus (in a T-P-X volume) controls the presence 
of one or two plagioclase phases, their composition, and the 
relative amounts of these two phasese Figure 49 shows the 
analysed plagioctases in T-X diagramse In Figure 49A, a 
solvus can be recognized; this is not as easy in Figure 49B 
where a number of analyses fall within the ‘solvus!. 
Although some of these may be due to analytical errors, it 
is believed that they represent mainly metastable composi- 
tionse The area having an intermediate P/T metamorphic 
regime (see section in geobarometry), it is not unreasonable 
to assume a solvuse Figure 49C illustrates the change in 
plagioclase bulk compositions with increasing metamorphic 
grade: starting with an albite composition, it evolves along 
paths as shown, either above the solvus or through the sol- 
vus3; depending on the chemical parameters of the system 
(bulk composition, fluid phase composition, etceec.e) the pla- 
gioclase bulk composition shows a more or less rapid in- 
crease in An content with gradee The path followed will con- 
trol the composition of coexisting plagioclases and the tem- 
perature at which they will be observede 

This solvus is somewhat different from the one 
proposed by Crawford (1966), it is less asymmetric and fur- 


ther from the albite side, and its top is some 50-100°C ni- 
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Figure 49. T-X diagrams of plagioclases from metabasites: 

A analysed by electron microprobe 

B analysed by optical methods 

C proposed solvus; arrows indicate composition change with prograde 
crystallization in various chemical systems. 
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ghere This could be due to differing P/T regimes of metamor- 
Phisme But the garnet-biotite thermometer, applied to ana- 
lyses reported in Crawford (1966) for the Vermont area, 
yields temperatures of 550-570°C for samples near the top of 
the solvuse Accepting Brown's model, one may conclude that 
the metamorphism in the Wakeham Bay area and in Vermont are 
of similar P/T regime. 

The change in An content is the only chemical 
change in plagioclase that could be related to metamorphisme 
The K20O content is low, shows little variation, and in no 


systematic mannere 


B CALCIFEROUS AMPHIBOLES 


Several authors have attempted to relate the che- 
mistry of metamorphic calciferous amphiboles and the 
temperature-pressure conditions of metamorphism (Shido and 
Miyashiro, 19593 Engel and Engel, 1962; Fabries, 19633 
Kostyuk and Sobolev, 19693 Bard, 19693; Graham, 1974; Raase, 
1974; see also Leake, 1968, and Saxena and Ekstrom, 1970). 

It follows from their studies that systematic 
changes with increasing grade can be observed in calciferous 
amphibolese They ares 
1- actinolite -> blue-green hornblende -> green hornblende 

-> olive-green to brown hornblende; 


2- acicular -> long prismatic -> short prismatic habit of 
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hornblende; 

3- Na increases with T and P;$ 

4- K and Ti increase with T;3 

S5- Mn decreases with T3 

6- Meg and Fe show little change with T and P3 they are con- 
troled more by bulk rock composition; 

7- Al6*%) increases with T3 


S- ALCS) increases mainly with Pe 


The most pronounced changes in hornblende composition occur 
in the upper amphibolite facies at the transition into the 
hornblende granulite faciese 

In the chapter on mineralogy a compositional gap 
was demonstrated between actinolite and hornblende coexis- 
ting in the same rocke 

Figure 50 shows the distribution of actinolite- 
alone, actinolite + hornblende, and hornblende-alonee 
Actinolite-alone occurs mainly at low grade; and the Limit 
of its domain corresponds approximately to the 510-520°C 
isotherme Hornblende-alone occurs at high grades; and the 
Winit of its domain corresponds approximately to tine 540° 
isotherme Actinolite + hornblende occur in the intervening 
area, but also over the whole of the actinolite-atone 
domaine The small Aphebian basin northwest of Joy Bay con- 
tains no metabasites and the hornblendes occurring near it 
(T < 540°C) are in incompletely retrogressed Archean amphi- 
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Figure SO. Distribution of calciferous amphiboles 


in metabasites. 


Topography based on topographic maps published 
at a scale of 1:50 000 by the Department ot sg y 


| Energy, Mines and Resources, Ottowa. | | Legend 
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An attempt has been made to relate the composi- 
tional gap to temperature in several T-X diagramse Figure 
51iA is based on the Hallimond triangle (Fige 35) and is a T- 
X plane through Tremolitejig9 and Pargasiteéego- 
Tschermackiteqge Figure 51B shows T versus the sum of the 
parameters that normally increase with temperaturee Figure 
51C uses the parameter (Al —- (NatK)) which in Kostyuk and 
Sobolev (1969) shows the most marked change with tempera- 
turee No very clear trend is brought out by this figure. 
However, taking the domain above 525°C, it is possible to 
draw a solwus closing somewhere above 580°C. The scatter of 
the data, especially below 525°C, illustrates well the slug- 
gishness of reactions in amphibolese The similarity in pat- 
tern in those three diagrams shows the interrelation between 
the various stoichiometric exchanges in the calciferous am 
phibolese Figure 52 shows Ti versus T in hornblendes; Little 
or no correlation is presente In the domain of temperature 
considered no T-X correlation appears within the hornblende 
groupe The Fe-Mg distribution coefficient between actinolite 
and hornblende was calculated; it shows no relation to tem- 
peraturee 

It may be concluded that within the temperature 
domain considered (500-600°C) the main change in composition 
in calciferous amphiboles is from actinolite to hornblende 
ieee, disregarding the Fe/Mg ratio, from near Tri99 to about 
Paso-Ts30-Tr2oe Although it is spread over a range in tem- 


perature, it is a discrete change that can be related to the 
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*6 24 
Al + Ti+Na+K 


Figure 51. T-X diagrams of 
calciferous amphiboles based 
A on Hallimond's triangle 
(see text), 
B on the sum of elements 
increasing with temperature, 
C on the parameter showing 
the maximum variance with 
temperature in Kostyuk 
and Sobolev (1969). 
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Figure 52. Relation between 
titanium in hornblendes and 
temperature. 
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albite-oligoclase transition in plagioclase, and both cons- 
titute the greenschist-amphibolite facies transitione 

Once in the amphibolite facies the hornblende ap- 
pears to vary Little, although the paucicity of high grade 
hornblende analyses may fail to reveal the changes presente 
Indeed a colour change was observed in thin sections from 
blue-green to green to olive-green (from tow to high grade). 
This colour change may result from subtle changes in the 
ratio of Fe3%t/Fe2t+ and/or a slight increase in Ti which may 
also be partially reduced (to Titt). 

The change in composition of calciferous amphi- 
boles with metamorphic grade is hidden by the presence of a 
compositional gap; it could only become visible by reconsti- 


tuting the bulk amphibole compositione 


C OTHER MINERALS 


Epidetes are abundant at low grade, decrease at 
medium grade, and are almost absent at high gradee This 
change is illustrated in Figure 53. An ‘isograd' may be 
drawn to delimit the domain in which epidotes constitute 
normally more than 3% of the metabasite's modee This 
"‘isograd' corresponds approximately to the 540°C isotherme 
Little change in composition was observed with increasing 
grade (see chapter on mineralogy, Figure 35): epidotes at 
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tional gap may be present but is not a prominent feature. 

Chlorites are more abundant at low than at high 
grade. Figure 54 shows their distribution by modal abun- 
dancee Above the 540°C isotherm, they generally constitute 
less than 1% of the metabasitese The major variation in the 
composition of chlorite is the Fe/Mg ratio (Fige 33)e No 
correlation appears between this ratio or the distribution 
coefficient chlorite-hornblende and temperaturee Neither is 
there any other Significant chemical change with increasing 
gradee 

Ilmenites were analysed; they are almost pure 
FeTiO3z with no Feo203 in solid solutione Of the minor ele- 
ments only Mn is present in significant amounts but shows no 
change with gradee Ilmenite is common only above the oligo- 


lase isograde 


e CONCLUSIONS 


The presence of staurolite and kyanite as well as 
the sequence of index minerals observed in the Wakeham Bay 
area (biotite -> hornblende and almandine-garnet -> plagio- 
clase) marks the Hudsonian metamorphism as one of interme- 
diate P/T (Turner, 1968). The sequence is similar to the one 
produced by the Dalradian (Barrovian) metamorphism of 


Scotlande The metamorphism in East Otago (NeZe) is of lower 
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P/T, and the one in Vermont-New-Hampshire (UeSeAe) is a 
somewhat higher P/T typee This corresponds exactly to the 
baric type defined using the bg of potassic white micas and 
the scale of Sassi and Scolari (1974). The rarity of cummin- 
gtonite in the metabasites of the Wakeham Bay area also in- 
dicates an intermediate P/T metamorphism (Fabries, 19633 
Bard, 1969). The garnet-biotite geothermometer combined with 
the plagioclase-garnet-AleSiOs-quartz assemblage yields the 
following range of metamorphic conditions: 610°C (725 Kb) 
at highest grade, about 500” C (P unkwown) at lowest gradee 
Some experimental data from the literature is 
shown in figure 55. The staurolite occurrences (580-585°C) 
are well within the staurolite stability domaine Liou et ale 
(1974) studied the evolution of natural metabasites near the 
greenschist-amphibolite facies transitione The sequence of 
events they have determined corresponds well with those des- 
cribed here: 
- albite -> oligoclase coinciding with 
- actinolite -> hornblende 
- decrease, then disappearance of chlorite 
- presence of epidote to higher temperature at relatively 
high pressure (epidote-amphibolite facies ) 


- incoming of ilmenitee 


The temperature range of their transition zone corresponds 


reasonably well with that of the domain between actinolite- 


alone and hornblende-alone (Fige 50 )e« 
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Fig. 55. Experimental data and T-P conditions during the Hudsonian 
metamorphism. Staurolite - quartz-in curve after Ganguly (1972); 


stability field of aluminium silicatés after "Richardson et al. 
(1969); other curves after Liou et al. (1974); hatched area: 
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The major feature in the distribution of isotherms 
(Fige 47) is their parallelism with the Aphebian-Archean 
contact west of 72°W.! Away from the contact, although still 
parallel, the spacing between isotherms increases, jieee the 
apparent gradient decreasese Interpolating between the hi- 
ghest grade conditions (7-25 Kb and 610°C) and 0 gives an 
average gradient of 25°C/kme Taking the spacing in the iso- 
therms between the area just east of Maricourt and Joy Bay 
produces an angle of about 12° for the isothermal surface 
(dipring to the south). A similar calculation for the area 
north of the Monts Lune produces a dip of 60° near the 
Aphebian-Archean contact, shallowing to 30° away from it3 
this, assuming a 25°C/km gradient, a steeper gradient would 
result in shallower dipse In fact, a combination of both, 
ieee steeper thermal gradient and steeper isothermal sur- 
face, can be postulated. 

These phenomena are attributed to a basement 
effect (teffet de socle’ of Fonteilles and Guitard, 1964 and 
1968). According to them changes in temperature gradients in 
metamorphic terrains are due to: 

- changes in conductivity (with temperature )5 
- changes in specific heat; 


- changes in heats of reactione 


1 This can also be observed on a broader regional scale 
(Westra, 1978) 
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The first two vary little between basement and covere The 
last one, however, is quite differente The sum of heats of 
reaction for a given volume of rock is much larger in the 
cover where metamorphism is marked by a number of endother- 
mic reacticns, dehydration reaction and otherse Whereas in 
the basement, the temperature can rise rapidly and reach a 
stage of equilibrium, in the cover the rise is slowed down 
through absorption cf heat by metamorphic reactionse 

In the eastern most part of the area, the isother- 
mal surfaces between the end of the Aphebian belt (east of 
Maricourt) and the small basin near Joy Bay have a dip of 
about 12° (based on a gradient of 25°C/km).e North of Monts 
Lune the isotherms are closely spaced, going from 580 to 
520°C within 3-4 km with an increase in spacing towards 
Lower temperature. The gradient is very steep in the zone 
corresponding to the transition greenschist-amphibolite 
facies which is a major dehydration step; but less steep at 
lower temperature, within the greenschist faciese Figure 56 
is a model of isothermal surfaces for the Wakeham Bay areae 

The deflection cf the isotherms along the 
basement-cover contact illustrates a disequilibrium in the 
heat flow during metamorphism, disequilibrium which can also 
be observed in the high variance of amphibole and plagiocla- 
se analyses as related to temperatures This disequilibrium 
and deflection of the isotherms can be indirectly observed 
in the small difference in bg of the potassic white micas 


from the north and from the south of the western map area, 
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Fig. 56. Model of isothermal surfaces during the peak of Hudsonian 
metamorphism. 
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reflecting a slight difference in P/T regime: in the North 
the Aphebian cover was thick and as a result the temperature 
gradient was lower in its upper part than in the South where 
this cover was thinnere 

This basement effect may be enhanced in the Monts 
Lune and in the small low-grade area just south of Wakeham 
Bay (see Figure 47) by the presence of thick competent silts 
which resisted penetrative deformation and constituted a 
barrier to the movement of fluids and, consequently, to the 
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CHAPTER VII 


IGNEOUS PETROLOGY 


1. INTRODUCTION 


Igneous rocks form the bulk of the Aphebian se- 
quencee They consist of mafic to ultramafic extrusives and 
high level intrusives (sills). Intermediate to acid rocks 
are raree Aphebian igneous rocks were subdivided as follows: 

Upper Votcanic Group (UVG): tuffs, basalts, gabbroic 
sills, ultramafic sills, ultramafic lenses and 
podsSe 

Lower Volcanic Group (LVG): tuffs, basalts, gabbroic 
sills, ultramafic sills. 

Volcano-Sedimentary Group (VSG): tuffs, basalts, gabbroic 
sills, ultramafic podse 


Diabase dykese 


All of these rocks have been metamorphosed and 


primary minerals are raree Most of those occur in thick 
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sills where the lack of penetrative deformation has hindered 


the influx of water and the formation of hydrous (metamor- 


phic) mineralse The observed primary minerals are: 


plagioclase and K-feldspar in some UVG and VSG felsic 
tuffss 

olivine in UVG and LVG ultramafic sills; 

orthopyroxene in ultramafic rocks of the three groups}; 
clinopyroxene, which is the mest common, both in mafic 
and ultramafic sills (it appears often to have a composi- 
tion of metamorphic pyroxene; the primary crystal has not 
been destroyed, it has merely changed its composition )$ 
kaersutite, in the ultramafic silts and the ultramafic 
base of gabbroic silts; 

zircon in gabbro sills and, in one case, in the basalt 
part of an ultramafic sill; 

oxides (chromite, spinel,magnetite) and sulphides (pyrr- 
hotite, pentlandite, chalcopyrite), in ultramafic and 


mafic sills and in basalts. 


From these occurences, and from the presence of 


serpentine pseudomorphs, it it possible to conclude: 


i- 


that in the ultramafic sills, olivine (and minor ortho- 
pyroxene) euhedral grains were included in large poekili- 
tic crystals of clinopyroxene and sometimes kaersutite, 
accompanied by chromite (occasionally spinet), and a Ni- 


Fe sulphide, that exsolved into pyrrhotite, pentlandite, 


and chalcopyrite; 
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2- that in the mafic sills, orthopyroxene probably was ab- 
sent, kaersutite occasionally present, and that clino- 
pyroxene and plagioclase were the main minerals, with 
quartz as a phenocryst in some rocks3 

3- that no information is available on the primary minerals 


of the extrusive rockse 


A study of the evolution of these rocks must thus 
be based on chemical analyses, of which 66 were made 
(Appendix IV)e [In addition, analyses are available from 
areas further west in the Cape Smith Belt: Shepherd (1957); 
Wilson et ale (1969); Moore (1977); Schwarcz and Fujiwara 
(1977). The first two are from stratigraphic equivalents of 
the Upper Volcanic Group, the latter two of both the Upper 
and the Lower Volcanic Groupse Rocks of the Wakeham Bay area 
are metamorphosed and there is no certitude that this meta- 
morphism was isochemicale Chemical migrations must have been 
small for distinct igneous trends are recognizable in the 
variation diagrams belowe However, some chemical exchanges 
did occur during metamorphism as revealed by the scatter in 
the trendse Analyses from other areas in the Cape Smith Belt 
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2 E CHEMISTRY 


Norm calculation and classification according to 
the scheme of Irvine and Baragar (1977) show these rocks to 
be mainly tholeiitice This is clearly visible on an AFM dia- 
gram (Fige 57); very few analyses plot in the calc-alkaline 
field; only the UVG tuffs with two analyses from Moore 
(1977) show a distinct calc-alkaline trend, similar to the 
trend of Cascades rocks (from Irvine and Baragar, 1971)- The 
other rocks form a distinct tholeiitic trend. 

The Cape Smith Bett is generally considered part 
of the Circum-Ungava Fold Belt with the Labrador Trough to 
the South-East and the Belcher Islands to the South-West; 
this fold belt can be extended to include the Thompson Belt 
in Manitobae Both the Labrador Trough and the Thompson Belt 
contain abundant volcanic rockse The Labrador Trough con- 
tains mostly mafic volcanics with some ultramafic silts; the 
Thompson Belt, mafic as well as abundant ultramafic rocks, 
and in that it resembles more the Cape Smith Belte The 
Labrador Trough (Dimroth et ale 1970) and the Thompson Belt 
(Stephenson, 1974) volcanics both show a tholeiitic trend. 
However, unlike the Labrador Trough, both the Thompson Belt 
and the Cape Smith Belt trends extend into very magnesian 
compositions atong the FM side and are on the whole less 
alkali-riche In addition, they present a calc-alkaline trend 
that appears to be absent in the Labrador Troughe 


In the Labrador Trough ultramafic rocks occur only 
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tT UVG tuffs 
X VSG tuffs 


a UVG basalts includes analyses from 
@ UVG ultramafic sills}Shepherd (1959) and 
& UVG gabbros Wilson et al. (1969) 


+ Komatiites 
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Figure 57.Analyses of Cape Smith Belt igneous rocks in the Na90 + K90 
-FeO* - MgO (weight percent triangle. 
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thick differentiated silts along the eastern border in 


its south central part. In the Wakeham Bay area three types 


of ultramafic rocks have been observed: 


1- 


a persistent string of peds no more than a few tens of 
metres thick, associated with basic volcanics (tuffs and 
some flows) in the Volcano-Sedimentary Group below the 
delomite horizon; they have a composition of pyroxenite 
or clivine websterite (Fige 58); 

thick (up to 250 m) differentiated sills that occur 
mainly in the Upper Volcanic Group, but also in the Lower 
Volcanic Group; they are often above or below gabbro 
sills, but do not constitute their cumulate phase: they 
are distinctly different sills of lherzolitic bulk compo- 
Sition (Fige 58)3 their central part may be occupied by 
an olivine-rich layer, mapped in the field as peridotite 
(the remainder as pyroxenite), of restricted lateral con- 
tinuity: this layer appears to be the result of flowage 
differentiation (Bhattachar ji, 1967)3 

lenses and layers in the Upper Volcanic Group, inter- 
layered with basalts; they occasionally display polyhe- 
dral jointing; the presence of a 'bread-crust! structure 
on the upper surface of one layer, the top-to-bottom dif- 
ferentiation of this layer (unlike the silts), and the 
cylic alternation of some of these layers with basalts, 
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OLIVINE 


@ ultramafic sills 


e ultramafic lenses and pods 


LHERZOLITE 
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OLIVINE WEBSTERITE 


ORTHOPYROXENITE CLINOPYROXENITE 


WEBSTERITE 


HYPERSTENE AUGITE 


Figure 58.Analyses of Cape Smith Belt ultramafic rocks in the normative 
olivine-hypersthene-augite triangle. 
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that some are extrusive makes the Cape Smith Belt volcanics 
more akin to those of Archean greenstone belts than those of 
the Labrador Troughe Indeed ultramafic flows, called koma- 
tiites (Viljoen and Viljoen, 1969) are characteristic of 
Archean greenstone belts (for example the Abitibi Belt of 
Cntario and Quebec, the Barberton Mountain Land of South 
Africa, the Eastern Goldfietds Province of Western 
Australia); they are often associated with Ni-Cu deposits 
similar to those of the Cape Smith or the Thompson Belt. 
Komatiites are characterized by unusual quench textures 
called spinifex texture (Nesbitt, 1971), by polyhedral join- 
ting, and by their chemistry: high MgO, NiO, Cr203, low 
FeO*/( FeO*+MgOC)! ratio, low TiCao and K20, and sometimes high 
CaC/AloG3 ratio (Arndt et ale, 1977). 

In the Wakeham Bay area, no spinifex textures were 
observed in the third group of ultramafic rocks, owing to 
their original absence or to their destruction by metamor- 
phic recrystallization; onty chemistry can be used to com- 
pare them with komatiites.e. Schwarcz and Fujiwara (1977) de- 
scribe quench textures in ultramafic rocks of the western 
end bfnive Cape Smith Belt. Figure 59 is a CaOQ-Mg0O-Al203 
diagram for Cape Smith Belt analysese They show a trend sim- 
ilar to those of the Abitibi and West Australia komatiites 
and to the Thompson Belt analyses; South African komatiites 
show a trend nearer the CaO-MgO side (higher Ca0/Al 203 


1 FeO* stands for total iron as FeO 
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MgO 
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Figure 59,Analyses of Cape Smith Belt igneous rocks in the CaO - MgO 
- Al 903 triangle. Same symbols as figure 5/7. Inset is a compilation 
of trends from various greenstone belts (Source of data: see text). 
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ratio). The vertical trend from the MgO corner to the centre 
of the triangle corresponds to olivine (+ orthopyroxene? ) 
fractionation; it contains the ultramafic sills, the koma- 
tiites (UVG ultramafic lenses and some analyses from 
Schwarcz and Fujiwara, 1977), and, at its lower end, the 
komatiitic basalt (UVG basalts and some analyses from Moore, 
1977, and from Schwarcz and Fujiwara, 1977). The inflection 
towards the Al2O3 corner corresponds to fractionation of 
olivine + clincpyroxene (+ orthopyroxene? )3; it contains the 
tholeiitic basalts and gabbro and the calcralkaline rockse 
In Archean greenstone belts, komatiites are asso- 
ciated with tholeiitic, sometimes with calcr-alkaline rockse 
The three trends are best illustrated in a FeO versus MgO 
diagram (Jolly, 1975) Figure 60A shows the Cape Smith ana- 
lyses in such a diagrams; three trends are recognized that 
depart from a common point at about 8%! MgO, 11% FeO: 
1i- strong Mg enrichment at near constant Fe (magnesian 
series); 
2- Fe enrichment with slight Mg decrease, followed by Fe and 
Mg decrease (tholeiitic series); 


3- Fe and Mg depletion (calc-alkaline series )- 


The magnesian series comprises the ultramafic 
sills, the komatiites and komatiitic basaltse The tholeiitic 
series comprises the LVG and VSG basalts and gabbros, and 


1 weight percent, unless otherwise indicated 
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Figure 60. FeO*-MgO diagram for 

A analyses from the Cape Smith Belt (symbols as in figure 57. ), 
B analyses from the Labrador Trough, 

C analyses from the Thompson Belt, 


D a compilation of trends in various greenstone belts (Source of data: 
see text). 
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the UVG gabbros, the calc-alkaline series, the UVG tuffs.e 
The analyses of Moore (1977) correspond to rocks from the 
three series, those of Schwarcz and Fujiwara (1977) to the 
tholeiitic and the magnesian seriese At the low FeO end of 
the tholeiitic trend, a few analyses show a wide MgO scat- 
ter; these may correspond to cumulates of gabbro. Figures 
60B and C are FeO versus MgO plots of Labrador Trough and 
Thompson Belt analysese In the Labrador Trough only a tho- 
leiitic trend and, maybe, a calc-alkaline trend, are pre- 
sent; the scatter at the tlow-FeO end of the Labrador Trough 
tholeiitic trend is again attributed to cumulates in gabbroe 
In the Thompson Belt very distinct magnesian and tholeiitic 
trends are present; two analyses show a calcr-alkaline ten- 
dency (compare the AFM diagram, Fige 57). Figure 60D is a 
compilation of analyses from various areas with high-magne- 
sium volcanisme It illustrates well the similarity of the 
Cape Smith Bett volcanism to that of Archean greenstone 
beltse The calc-alkaline series is abundant in the Abitibi 
onlye In other areas it is subdued or absente This may in 
part be due to lack of information; in Western Australia, 
for example, abundant felsic rocks accompany the mafic and 
ultramafic volcanism (Naldrett and Turner, 1977) and may 
represent a calc-alkaline trende 

Komatiites are distinguished from tholeiites not 
only on the basis of their Mg enrichment. The Ca0/Al203 
ratio was stressed by Viljoen and Viljoen (1969), but found 


less critical in the Abitibi greenstone belt (Arndt et ale, 
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1977). Indeed the inset of Figure 59 shows that this ratio 
is distinctly higher than 1 only for Barberton Mountain Land 
analysese Figure 61 is a plot of Cape Smith Belt analyses; 
they have been subdivided into magnesian, tholeiitic, calc- 
alkaline and undefined on the basis of Figure 60. The magne- 
Sian series follows the CaO/AloO3z = 1 line up to CaO = 10%3 
above that the scatter increases and the ratio decreasese 
The tholeiitic series shows a broad scatter, covering the 
field of the undefined analyses and together with the calc- 
alkaline series (CaO/Als03 < 0-6) delineates a broad cross- 
trend of constant (CaOtAls03)-e Indeed the sum CaOtAls03 = 
22-5 appears as useful for distinguishing komatiites from 
tholeiites as a CaO/Als03 ratioe 

Arndt et alte (1977) proposed an AtoaO3 versus 
FeOQ/( Fe0Ot+tMgO) diagram to distinguish komatiites from tho- 
leiitese Figure 62 is such a plot for the Cape Smith Belt 
analysese The majority of the magnesian series fatls in the 
komatiite field whereas the tholeiites and calc-alkaline 
series show a broad spread at right angle and overlap the 
aluminous end of the komatiite fields; this trend is similar 
to the Australian tholeiitese The group of undefined falls 


within or near the aluminous end of the komatiite field. 
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Figure 61. Ca0-A1203 diagram for Cape Smith Belt analyses. 
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Figure 62. Al 03-Fe0*/ (Fe0*-Mg0) diagram for Cape Smith Belt 
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2 ELEME C ST RY 


Discussion of the minor elements shown in the 
table of analyses in Appendix IV is hampered by the high 
detection limit (0.03 wt% element) and low accuracy when 
nearing this limite The magnesian series is characterized by 
Low TiOs (< 048%), K20 (< 0.2 wt%)! , and NaoO, and high 
Cr203 and NiOe The Cro03 content varies from 1300 ppm in the 
basalts, to 3200 ppm in the ultramafic tenses (komatiites), 
and to 5800 ppm in the ultramafic sills whereas NiO is re- 
spectively < 300 ppm, 1200 ppm, and 1900 ppm. 

The tholeiitic series is characterized by higher 
TiOo (about 2%), KeO (about 0.4%), and NasO (1-0-2-5%)5 the 
other minor elements are mostly below detection Limite MnO 
‘shows little variation in the tholeiitic as well as in the 
magnesian serieSe 

The analyses in Shepherd (1959), Wilson et ale 
(1968), Moore (1977), and Schwarcz and Fujiwara (1977) show 
a Similar behaviour for the minor elements indicated.e Wilson 
et ale (1969) show more accurate analyses for Ni, Cuy Coy 
and Zne Ni and Cu reach very high levels in the ultramafic 
sill, which is mineralized; Co is about 150 ppm and Zn about 
50 ppme In the komatiitic basalts and komatiites, Ni is 
around 900 ppm, Cu around 100 ppm, Co around 80 ppm, and Zn 


1 sample 334 has an abnormaly high K20 and is disregarded 
here 
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around 80 ppme 
The UVG gabbro sill is somewhat unusual for, des- 
pite a typical tholeiitic major element chemistry, it has 


low Ti and Ke 


4. PETROGENESIS 


From the major element chemistry, three trends can 
be recognized in the Cape Smith Belt volcanics: a magnesian 
(komatiitic), a tholeiitic, and a calcr-alkaline trende The 
latter represents only a small part of the volcanic rocks 
now present and appears restricted to the upper part of the 
sequencee The magnesian trend although present in the lower 
part, becomes abundant only in the higher part of the se- 
quencee The tholeiitic trend occurs throughout and repre- 
sents the bulk of the volcanisme The magnesian series has a 
primitive composition, close to proposed mantle composi- 
tions, and has a low content in the incompatible elements 
(Ringwood, 19866) Ti and Ke The thotleiitic series has a less 
primitive composition and higher content of incompatible 
elements; its composition is closer to oceanic tholeiites 
than continental tholeiites. 

Komatiites are common only in Archean greenstone 
belts; they have been described in South Africa, Rhodesia, 


Canada, Australia, and India (Arndt et ale, 1977); in South 
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Africa and Australia, they are associated with tholeiitic 
volcanism, in Canada (Abitibi) with tholeiitic and calc-al- 
kaline volcanisme In these three regions significant ameunts 
of felsic volcanics are present in the sequencee Some exam- 
ples of high magnesian volcanics are known from younger ter- 
ranes: in the South African Ventersdrop (2e¢3 beye) and Karoo 
(150-200 meye ) volcanics (McIver, 1975), in the Aphebian 
Thompson Belt of Manitoba (Stephenson, 1974), in the lower 
Paleozoic Rambler Group of Newfoundland (Gale, 1973), in the 
Tertiary basalts of Baffin Bay (Clarke, 1970), in the Upper 
Cretaceous of Cyprus (Searle and Vokes, 1969). The 
Phanerozoic occurrences are either in a tensional continen- 
tal environment (Baffin Bay and Karoo) and have higher Ti, 
some also higher K, than komatiites, or in a mid-oceanic 
ridge environment (Newfoundland and Cyprus) and have a pri- 
mitive compositione 

Tholeiitic and calc-alkaline extrusives constitute 
the major part of the Phanerozoic volcanism and their origin 
is relatively well understood, particularly in the light of 
present day global tectonic models. High magnesian, komatii- 
tic, extrusives, because their major development took place 
at a time where these models may not apply, present a dif- 
ferent problem. 

Owing to the metamorphic (recrystallized) nature 
of the rocks in the Wakeham Bay area and the tack of de- 
tailed information on the other analyses of the Cape Smith 


Belt, it is not possible to define here, with certainty, the 
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compositional range of the extruding magmas, before their 
modification by igneous fractionation after extrusion or 
near surface intrusion.e Indeed, because of the very tow vis- 
cosity of these ultramafic Liquids, significant differentia- 
tion can occur even in relatively thin flowse However, the 
similarity of their overall range of composition with that 
of volcanic rocks from less metamorphosed and/or better stu- 
died areas (Abitibi, South Africa, Western Australia, Baffin 

Bay) enables ones to use the compositions deduced there in 

petrogenic considerationse 

A model for the genesis of komatiites must explain 
the extrusion of magmas with 33% or more MgO (about 50% nor- 
mative olivine), ieee magmas having an extrusion temperature 
of aebout 1650°C (Green, 1974). Factors to consider are: 

1-— composition of the komatiitic magma; in addition to high 
Mg, it has high Cr and Ni, but low Ti and K35 

2- decrease in abundance with time; high magnesian magmas 
younger than the early Proterozoic are rare and tend to 
have somewhat lower Mg3 

3- except for some of the Phanerozoic examples, they are 
ensialic, ieee they are extruded onto a sialic crust}; 

4- the association with tholeiitic, and sometimes calc-alka- 
line volcanism and the common presence of significant 
amounts of felsic volcanics; 

S- komatiites can be in various positions in the volcanic 
pile, but there may be a tendency for them to be near the 


base in older sequenceSe 
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Based on some of the above factors, various models 


have been proposed for the formation of komatiites: 


1- 


of 


or 


Viljoen and Viljoen (19692): partial melting beneath a 
thin Archean eo-crust with a high geothermal gradiente 
Clarke (1970): partial melting of garnet peridotite at 

30 kb followed by olivine and eclogite fractionation. 
McCall et ale (1971, pe284):3 "Remelting of deep-level 
cumulates" or "differentiates of the tholteiites by the 
agency of some as yet not understood mechanism, operative 
in deptheee"e 

McIver and Lenthall (1974, pe327): "partial melting of a 
four phase eclogite mantle at depths of 90-100 km or 
moree Polybaric olivine and orthopyroxene fractionation 
were important in controlling the development of mafic 
and ultramafic komatiite-type extrusives and associated 
tholeiitic basaltsee." 

Green (1974, pe15): "ee--extrusion temperature 
(1650°420°C) eeee implies diapirism of upper mantle peri- 
dotite from a depth of at teast 200 km." 

Naldrett and Turner (1977): similar model but in two 
stievteeie of partial melting, the first for the tholeiitic,y 


the second for the komatiitic magmae 


To produce a komatiitic magma by partial melting 
the mantle, be it of pyrolite (Green and Ringwood, 1967) 


garnet lherzolite (O'Hara, 1968) composition, a high 


degree of melting (about 75%) is required to match the com- 
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position of komatiitee An alternative would be to melt dep- 
leted mantle material, for example a mantle of more dunitic 
composition, the residue of partial melting which has pro- 
duced a liquid of basaltic compositione Assuming a higher 
than present geothermal gradient for the Archean, such as 
proposed by Green (1974), Lambert (1976), Naldrett and 
Turner (1977) or Baer (1977) (Fige 63), a depth of at least 
200 km (about 70 kb and 1700-1750°C) is required to produce 
a melt that, rising adiabatically, would extrude at 1650°C. 
Under those T-P conditions a pyroltlite upper mantle would 
produce only about 5% melt with a basaltic composition, en- 
riched in incompatible elements; extrusion of this liquid 
could correspond to the tholeiitese To obtain a higher pro- 
portion of melt, and a liquid closer to a komatiite composi- 
tion, it is necessary either to increase the temperature (at 
constant pressure) or decrease the pressure (at constant 
temperature ). An increase in depth (and temperature) brings 
the geotherm outside the solidus of pyrolitee A decrease in 
pressure (at nearly constant temperature) is thus requirede 
This could tbe the result of a diapiric up welling, induced 
maybe et the presence of a small portion of liquid, rising 
adiabatically. This adiabatic rise of mantle material wilt 
increase the percentage of melt, and in turn increase the 
buoancy and enhance the upward mouvement. To keep the liquid 
formed in equilibrium with the residual phases, ieee to be 
able to proceed to a highly magnesian liquid composition, 


the upward flow must be rapid considering the low viscosity 
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Fig. 63. A pressure-temperature diagram showing the path of a mantle 
diapir, rising adiabatically to extrude a komatiitic magma (K) at 1650°C, 
the pyrolite (+0.1Z water) solidus and partial melting curves at 5, 10, 
50, and 100%, and the model III geotherm (G III) after Green (1975). 
Present oceanic and continental geotherms after Clark and Ringwood (1964). 
Geotherm at 2600 m.y. after Lambert (1976) extrapolated beyond 1500°C. 
Geotherms at 1000 and 2000 m.y. interpolated between present continental 
and 2600 m.y. using data on change in heat generation with time in 


Lambert (1976). 
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of such a sitlica-poor Liquide Arndt et ale (1977) calculated 

a settling speed of 40 cm per hour for an olivine grain of 

0-5 mm in a komatiitic lava with MgO=26% and Si02=46% com- 

pared with 0.04 cm per hour in a basaltic liquide Upon rea- 

ching the base of the Lithosphere, at a depth of about 50 

km, the diapir would contain about 75% of Liquide 

Extrusion of this magma would form komatiites$3 
differentiation near the base of the Lithosphere would ac] 
count for the spread of composition of magnesian series (by 
olivine fractionation mainly) and for the tholeiitic series 

(by olivine and clinopyroxene fractionation). The felsic 

rocks that accompany the komatiites and tholeiites in the 

Archean greenstone belts are believed to be the result of 

partial melting of the sialic cruste The catc-alkaline 

series which are less common and tend to occur in the upper 
part of the sequences may be the result of one of the fol- 
lowing: partial melting of the base of the volcanic se- 
quence; hydration of the tholeiitic magmas partial melting 
of the Lithosphere. 

Other processes may be involved in the production 
of the komatiite-tholeiite sequence: 

1- crystallization of orthopyroxene (without olivine) at an 
advanced stage of melting would increase the magnesian 
character of the magma; 

2- liquid immiscibility, as described by Ferguson and Currie 
(1972) or by Gélinas et ale (1976), could enhance some of 


the differentiation processes; 
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3- frequent tapping of magma during the rise of the diapir 
could produce the various types of volcanics observed and 


would result in more dunitic melts near the end of the 


rise of the diapire 
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CHAPTER VIII 


GECCHRONOLOGY AND STRATIGRAPHIC CORRELATION 


A PREVICUS WORK 


Beall et ale (1963) presented K-Ar and whole-rock 
Rb-Sr ages for rocks from the Cape Smith Belt, the gneisses 
immediately south of the belt, and the gneisses north of the 
belte Their K-Ar ages show a broad range, from 1450 to 1650 
meye in the rocks of the belt, and from 1550 to 1850 meye in 
the gneissese The Rb-Sr ages of the gneisses vary from 2320 
to 2700 meyee 

K-Ar dating by the Geological Survey of Canada 
shews an age of 1660455 meye for the gneisses in the vicini- 
ty of the Belt, both south and north of it, and one age at 
1639 meye for a hornblende schist within the belt. Gneisses 


and granites south of the belt, but away from it, in the 
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Superior Province yield ages in the range 2500-2600 mey. 
(Wanless, 196923 Wantess et ale, 1974)- 

Fryer (1972) presented whole-rock Rb-Sr ages of 3 
groups of sediments and volcanics of the Circum-Ungavea 
Geosyncline: Belcher Fold Belt, Flaherty Formation (1800 
meye }3; Labrador Trough, Sokoman Iron Formation (1870 meye )3$ 
Mistassini area, Temiscamie Formation (1790 meye )-« 

Previous work, therefore, shows rocks of the 
Circum-Ungava Geosyncline to have been deposited at 1800- 
1900 meye and metamorphism in the Cape Smith Belt to have 
ended at about 1650 meye, which is about 100 meye less than 
the peak of the Hudsonian Orogenye The bhasement gneisses in 
the central part of the Ungave Peninsula were last affected 
by the Kenoran Orogeny, at about 2550 meye (Stockwell, 
1973)3; and in the vicinity of the Cape Smith Belt this age 


was reset by the Hudsonian Orogeny, to about 1650 meyes 


B Rb-Sr AGE DETERMINATIONS 


Four groups of samples of the Wakeham Bay area 
were chosen for isotopic analyses: 
1- basement gneisses: from north of Maricourt; 
2— volcanics from as low as possible in the volcanic se- 
quence: from the Volcano-Sedimentary Group; 
3- volcanics from as high as possible in the volcanic se- 


quences: from the Upper Volcanic Group; 
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4- gabbro sills from the base of the Upper Volcanic Groupe 


Initially 10 samples were selected for each groupe 
These were analysed rapidly by X-ray fluorescence spectrome- 
try to obtain an indication of the amounts of Rb and Sr pre- 
sent in eache Using these data, 6 samples were chosen in 
each group to obtain the best possible spread in Rb/Sr ra- 
tios; except in the basement gneisses, the Rb content of the 
samples was lowe 

The samples from all four groups were analysed for 
their Rb content and isotopic composition; 4 samples of the 
first group and 6 each of the second and third group were 
analysed for their Sr content and isotopic composition. 
Details on the chemical preparation and the mass spectrome- 
tric analyses are given in Appendix IIe The fully analysed 
samples are listed in Table 9, their isotopic composition 
Given in Table 10, and their location plotted on Figure 64. 

Isochron plots (Nicolaysen, 1961) were made for 
each of the 3 groups of data and the corresponding age cal- 
culated by means of the APL programme RBSRISOCHRON, written 
by He Baadsgaard, using a decay constant of 1.42 x 10-22 
Yur 

The 4 samples of basement gneisses (Fige 65) yield 


an age of 2893 +53 meye with an initial %’Sr/®°Sr ratio of 


0. 7040-6 
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List of samples analysed for Rb and Sr isotopese 


Description 


Basement gneisses 


1 


2 


$50-1B 


S$S0-1D 


$50-11B 


S51-1A 


Grey medium-grained banded granodioritic horn- 
blende hiotite gneisse 

Pink medium-grained granitic biotite augen- 
gneisse 

Pinkish grey medium—grained massive tonalitic 
biotite hornblende gneisse 

Dark grey medium-grained banded granodioritic 
hornblende biotite gneiss. 


Volcano-Sedimentary Group 


5 


6 


10 


H7-6E 


S7-4A 


S7-4D 


$7-4G 


S7-4E 


S9-1H 


Tuff: quartz, plagioclase, biotite (35%), 
chlorite, epidote, sphenee 

Tuff: quartz, plagioclase, biotite (10%), 
chlorite, actinolite, epidote, calcite, sphene 
(tholeiitic basalt). 

Tuff: quartz, plagioclase, chlorite, actino- 
lite, hornblende, epidote, sphene (tholeiitic 
basalt )e 

Tuff: plagioclase, biotite (15%), chlorite, 
hornblende, epidote, calcite, ilmenite, zircon 
(calc-alkaline (high-alumina) basalt). 

Tuff: quartz, biotite (1%), chlorite, horn- 
blende, allanite, calcite, apatite, sphene, 
ilmenite (tholeiitic basalt )e 

Ultramafic: talc, chlorite, carbonate. 


Upper Volcanic Group 


11 


12 


13 


14 


16 


C28-2 


C32-2 


$15-41 


$15-6D 


S$73-9A 


TS-6 


Tuff: quartz, plagioclase, biotite (10%), 
chlorite, epidote, zircon, apatite, ilmenite 
(calcr-alkaline rhyolite). 

Basalt: quartz, plagioclase, biotite (1%), 
chlorite, actinolite, hornblende, epidote, 
sphene, sulphide (tholeiitic basalt). 

Basalt: plagioclase, biotite (3%), chlorite, 
actinclite, epidote, calcite, sphene ( tholeii- 
tic basalt). 

Basalt: quartz, plagioclase, biotite (25%) 
chlorite, actinotiite, hornblende, epidote, 
sphene (tholeiitic basalt). 

Tuff: quartz, plagioclase, muscovite (13%), 
biotite (12%), chlorite, epidote, sphene, sul- 
phide (tholeiitic andesite ). 

Basalt: plagioclase, chlorite, actinolite, 
hornblende, epidote,y sphene, calcite, sulphide 
(tholeiitic basalt )-e 
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Table 10. Rb-Sr analytical datae 


LLLP EES SS SS SS 8 © © ew ee ee ws ws ws we @ ws © ws @- we es ew w= ew ee mw a 


No Rb ppm Sr ppm 87Rp/8oSr 87Sr/286Sr 


Basemert gneisses 


1 $33 291 0-530 0.7239 
2 226 336 1.945 0.7841 
3 224 468 0.139 0.7103 
4 39-9 381 0.303 0.7172 


Volcano-Sedimentary Group 


6 34.7 1&3 0.548 0.7231 
7 0.90 204 0-013 0.7058 
8 0.68 OM Vee 0.009 0.7140 
9 364 71-2 0.136 0.7122 
10 0.16 14.7 0.032 0.7178 
Upper Volcanic Group 
11 28-4 6523 1.255 0.7447 
12 0.44 173 0.007 0.7075 
13 10.8 90-5 0.347 0.7145 
14 76.7 79-5 2-792 0.7952 
5 44.5 71724 1.662 0.7503 
16 0.57 101 0.017 0.7069 
ee ate a cap uate a hn ab ie ens ign co ao Sv Ss A a ce ca as ep le  e Cee ee ee 


The common banding of the gneisses, at least on 
outcrop scale, if not on hand specimen scale, their hetero- 
geneity in composition, as well as the presence of distinct 
metasediments (for example calcareous mica-schists) mixed 
with amphibolite, that appear concordantly interlayered, 
suggest that these gneisses are highly metamorphosed supra- 
crustal rocks rather than orthogneissese This age of 2900 
meye is distinctly higher than the Kenoran age generally 
attributed to the recks of the Superior Province of which 


the above gneisses are but an extension within the Churchill 
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0.78 : 
Basement Gneisses 


0.76 


0.74;- 


age 


2893453 my. 


0.72 


87Rb/ SSc, 


6) 1.0 248 PN 3.0 


Fig. 65. Whole-rock Rb-Sr isochron plot of basement gneiss samples. 


All samples used for the isochron. 
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Provinceée 

Farly Archean rocks have been found in various 
localities of the Canadian Shield and Greenlande Figure 66 
shows the Wakeham Bay area in relation to these other occur- 
rences of early Archean rockse Greenland is represented in 
its pre-drift location, using the continental fit of Bullard 
et ate (1965)~- The proximity to the Wakeham Bay area (600- 
700 Km) of both the Godthaabsfjord and the Saglek areas sug- 
gests that the North Atlantic Craton of Bridgewater et ale 
(1973) may have extended further west.e The Wakeham Bay 
gneisses have a higher initial ®’Sr/®®Sr ratio (0.704) than 
the Amitsoq gneiss (Bridgewater et ale, 1973) or other 
Archean granitic rocks (Glickson, 1978). This tends to con- 
firm their interpretation as supracrustal rockse The age of 
2900 meye could correspond to their age of deposition; it 
could also be correlated with the major metamorphic event 
observed in Greenland and Scotland at 2800-3000 meye 
(Bridgewater, et ale, 1973). In both cases, the existence of 
a pre-2200 meye basement is impliede 

This age of 2900 meye also raises the question of 
what ee the effect of the Kenoran Orogeny in the northern 
part of the Ungava Peninsula: Was it more than a resetting 
of K-Ar ages? If the interlayered metasediments are indeed 
of the same age as the gneisses yielding the 2900 meye iso- 
chron, then no rocks, except maybe some basic dykes and some 


pegmatites, were observed in the Wakeham Bay area that could 


be related to the Kenoran Orogenye 
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Indin Lake area 


Trout Lakes area 

Lake Winnipeg 
Minnesota River valley 
Chibougamau region 
Saglek area 
Godthaabsfjord area 


Wakeham Bay area 


3000 m.y. 
2950 m.y. 
2900-3000 m.y. 
3550 m.y. 
3000 m.y. 
3100-3600 m.y. 
2800-3800 n.y. 
2900 m.y. 


Zhi 


Archean: Slave, Superior, Nutak 


Proterozoic: Bear, Churchill, 
Grenville, Southern 


Archean volcano-sedimentary belts 


Archean volcano-sedimentary beits 
reworked in Proterozoic 


Fig. 66. The Wakeham Bay area compared to other occurences of early 


Archean rocks in the Canadian Shield and Greenland (after Baragar and 


Mc Giynn, 19767 Bridgewater et al., 1973; Hurst et ab., 1975). 
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The isochron plot of the 6 Volcano~-Sedimentary 


Group samples does not show a close fit to a line (Fige 67)e 
In particular samples 8 and 10, with almost no Rby show a 
high ®’Sr/®86Sr. Samples 5 to 9 are intermediate tuffs and 10 
is a serpentinized ultramafic rock (peridotite ?). Any of 
these may have been subjected to a certain amount of meta- 
somatism during metamorphism; and samples 8 at 10 have most 
probably gained some ®’Sr in this waye An isochron can be 
fitted to the other 4 samples; it yields an age of 20941438 
Meye and an initial ®’Sr/8Sr of 0.7068. 

The isechron plot of the Upper Volcanic Group 
samples also show scatter (Fige 68)-e Samples 11 and 15 are 
tuffs and are more liable to have undergone chemical ex- 
changes during metamorphism than the others samples which 
are basaltse Sample 14, however, has a peculiar chemical 
compositone The major element analysis shows a composition 
eof basalt, but for a low Naz0 and a high K20 content. 
Indeed, the thin section shows some 35% biotite which ap- 
pears to replace the other minerals, mainly the actinolite 
and hornblendee 

It is possible to trace three isochrons on Figure 
68, giving a range in age from 1961 to 2335 meyee Isochrons 
I and II represent the maximum possible rangee The 2191 and 
the 1961 meye isochrons are closest te the isochron obtained 
for the Volcano-Sedimentary Group samples both in age and in 
initial 8’Sr/®®°Sr. 


An isochron combining all Aphebian samples (except 
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Fig. 67. Whole-rock Rb-Sr isochron plot of Volcano-Sedimentary Group 


samples, Samples 10 and 8 have been excluded from the iso- 


chron and age calculation. 
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Fig.68. Whole-rock Rb-Sr isochron plot of Upper Volcanic Group samples. 
Isochron I: samples 13,11,14. 
Isochron II: all samples. 


Isochron III: all samples except 14. 
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8 and 10) yields an age of 2154460 meye with an initial 
87Sr/®6Sr of 0.7059 (Fige 69)-e The close grouping of three 
Rb-poor samples near 0.706 adds to the credibility of the 
initial ratio of the isochrone 
The volcanism of the Cape Smith Belt consists 

mainly of primitive tholeiites; but a calc-alkaline and a 
magnesian series were also recognizede [In order to obtain a 
spread in the Rb/Sr ratio sufficient to plot isochrons, 
samples from all three series were analysed, thus adding 
somewhat to the scattere The initial ratio (0.706) is higher 
than expected from primitive, mantle-derived volcanics. ! 
However, such relatively high initial ratios are not rare 
amongst similar Proterezoic or Archean rocks: 
- Green and Baadsgaard (1971), 0-.702-0-.706 on 2600 meye 

Yellowknife Group volcanics; 
- Fryer (1872), 0.706 on 1800 meye Belcher Island 

Votcanics; 
- Gates and Hurley (1973), 0.700-0.706 on 2000-2700 meye 

CGiabase dykese 

For the diabase dykes, contamination may be in- 

vokede Green and Baadsgaard (1971) suggest, for the 
Yellowknife Group volcanics, a mantle source region with a 
higher Rb/Sr ratio than that of the source region of modern 
volcanicse This may also have been the case for the Wakeham 


1 The samples controlling this initial ratio (7, 12, 16) are 
from tholeiitic and the magnesian seriese 
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Fig. 69. Whole-rock Rb-Sr isochron plot of Aphebian volcanic rocks 


from the Upper Volcanic and Volcano-Sedimentary Groups. 
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Bay volcanicse 

This age of 2100-2200 meye for the Aphebian vol- 
canic rocks of the Wakeham Bay area is much older than those 
Obtained by Fryer (1972) for other parts of the Circum- 
Ungava Geosyncline which could be considered equivalent on 
the basis of lithostratigraphic correlaton.e (see discussion 
below on stratigraphic correlation )e 

An early Aphebian event (2000-2200 mey.-) has been 
recognized by Jackson and Taylor (1972) in the Aphebian fold 
belts on Baffin Istand and Melville Peninsulae There, howev- 
er, this event is represented by the resetting of the Rb-Sr 
whole-rock ages of some Archean rocks and by gneisses under- 
lying later Aphebian supracrustalse An early Aphebian event 
has also been recorded in the Indin Lake area (see Fige 66) 
by Frith et ale (1973), and in the Athabaska Lake region in 
northwestern, Saskatchewan (see for example Sassano et ale, 


1972). 


22 STRATIGR Ic _ CO 


Correlation of the stratigraphy determined in the 
Wakeham Bay area can be attempted with: 
1- the rest of the Cape Smith Belt; 


2- the rest of the Circum-Ungava Geosynclinee 
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Bergeron (1957) recognized, in the central part of 
the Cape Smith Belt, the Povungnituk or Lower Group and the 
Chukotat or Upper Group, separated by an angular unconformi- 
ty with, in many ocean Pol basal conglomeratee "The 
Povungnituk Group comprises mainly pelitic sediments, mas- 
sive and pillowed basaits and intrusions of gabbroic and, in 
a few places, noritic sillse Minor dolomite, sandstone and 
iron formation are presente The Chukotat Group is composed 
in large part of pillowed basalts with ultrabasic and gab- 
breic sills and some states and tuffs" (Bergeron in Dimroth 
et ale 1970). Subdivisions within those two groups do not 
appear to have been made by Bergeron (1957) nor others map- 
ping the central part of the Cape Smith Belt (Beall, ms3 
Gold, 19623; De Montigny, 1962; Gélinas, 1962), and it is 
difficult to recognize any particular succession within 
these two groups from their reports or mapSse 

As stated previously, in the map area no angular 
unconformity nor basal conglomerate was found within the 
Aphebian successione But by comparing with the maps of Beall 
(1859, 1960) and Gold (1962), it appears that the 
Povungnituk Group corresponds more or tess to the [ron 
Group, Pelitic Group and Volcano-Sedimentary Group, and the 
Chukctat Group to the Lower and Upper Volcanic Group of the 
present studye 

Baragar (1974) presents a geological column corre- 


sponding to a cross-section of the Cape Smith Belt at about 


74°40'wWe It shows from north to south: 
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i- metamorphic complex (north of the major EW fault); 

2- Upper volcanic unit: mostly pillowed mafic lavas 
(= 17,000 feet); 

3- upper sedimentary unit: mostly quartzites, quartzite con- 
glomerates, and quartzite breccias; minor mafic volcanics 
(= 10,000 feet); 

4- lower volcanic unit: massive mafic lavas and thin do- 
lerite sills with interlayered quartzite, black shale, 
and minor pyroclastics (= 45,000 feet); 

5- lower sedimentary unit: shale, thick-bedded quartzites, 


and dolomites (= 15,000 feet). 


Ultramafic sills appear in the upper half of the lower vol- 
canic unit and in the upper volcanic unite It appears that 
his lower sedimentary unit corresponds to the Iron Group, 
Pelitic Group, and part of the Volcano-Sedimentary Group; 
his tower volcanic unit to the rest of the Volcano- 
Sedimentary Group and the Lower Volcanic Group; his upper 
sedimentary unit and upper votcanic unit to the Upper 
Volcanic Group of the Wakeham Bay areae 

The Aphebian stratigraphic sequence of the 
Labrador Trough has been well described (Dimroth in Dimroth 
et ale 1970). It consists of three cycles of sandstone- 
precipitate-shale; volcanic rocks are associated with the 
shale part of each cyclee In the Wakeham Bay area such 
cycles are not obvious; this may be because the miogeoclinal 


domain, in which these cycles have been recognized in the 
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Labrador Trough, is restricted to a narrow band in the mere 
of the Wakeham Bay areae The Wakeham Bay area Aphebian se- 
quence, however, shows distinct similarities to that of the 
Lac des Chefs area in the northernmost Labrador Trough 


(Hardy, 1976) (see Table 11). 


Table ii. Comparison of the Aphebian stratigraphic sequence 
of the Lac des Chefs area and Wakeham Bay areae 


Lac des Chefs area Wakeham Bay area 
Upper Volcanic Group 


Volcanic rocks Lower Volcanic Group 


Pelitic sequence (upper half) 


Carbonated sequence Volcano-Sedimentary Group 
Pelitic sequence (lower half) Pelitic Group 
Iron formation Iron Group 


Arenaceous sequence 


me ee oe ee ess a cs as es ae we ww © ww ww © ww oe a ee oe = 


This tentative correlation with the Lac des Chefs 
area can be extended to the stratigraphic sequence of the 
northern Labrador Trough (see Table 12). Additional simi- 
larities must be notede In the Wakeham Bay area, a few thin 
horizons of iron-rich rock, interpreted as exhalites, occur 
above the dolomite horizon in the Volcano-Sedimentary Group 
(some also below), ieee in a position similar to that of the 
upper iron formation of the Labrador Troughe The Larch River 
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consists of pelites interlayered with numerous gabbro sills. 
No equivalent, however, of the Thevenet Slate is observed in 
the Wakeham Bay areae Table 12 shows that, although simi- 
larities exist, lLithostratigraphic correlation between the 
Wakeham Bay area and the Labrador Trough is at best tenta- 
tivee 

The Belcher Fold Belt, situated entirely within 
the miogeoclinal demain, shows quite a different stratigra- 
phic succession (Jackson in Dimroth et ale 1970). Three 
cycles have heen recognized there, but different from those 
of the Labrador Trough; they begin with basic volcanic rocks 
and end with interbedded massive dolomite and quartzitee In 
other words, whereas in the Labrador Trough each cycle is 
marked by a gradual increase in the instability of the depo- 
Ssitional basin and in the amount of volcanism, in the 
Belcher Fold Belt each cycle begins with a pulse of vol- 
canism accompanied by instability of the depositional basin, 
followed by a gradual increase in stability and decrease in 
volcanic activitye From this viewpoint, the Wakeham Bay area 
shows more affinity to the Labrador Trough than to the 


Belcher Fold Belte 
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ISCU d_ CONCLUSION 


The Archean basement in the Wakeham Bay area con- 
sists of 2800 meye old gneissese This is distinctly older 
than the Kenoran age previously accepted for the adjacent 
part of the Superior Province and the basement gneisses of 
the Churchill Province (see for example Dimroth, 1972). 
However, gneisses of this age, or older, have been found in 
various parts of the Canadian Shield and Greenland (Fige 
66). It should also be noted that the Ungava Peninsula is a 
particularly deeply eroded part of the Superior Province, as 
indicated by extensive occurrences in it of granulite facies 
rocks (Douglas, 1968). Granulite facies gneisses also occur 
near Douglas Harbour, northwest of Wakeham Baye This exten- 
sive presence of granulite facies rocks also suggest that 
the Archean basement is here policyclicy, jeee that the 
Kenoran Orogeny reworked a basemente 

The Aphebian sequence of the Wakeham Bay area 
yields an age of 2100-2200 meye3 this is much older than 
that determined for the second cycle of the Labrador Trough 
and the Belcher Fold Belt by Fryer (1972). It indicates that 
the stratigraphic similarities between the Wakeham Bay area 
and the Labrador Trough are fortuitous, or rather, that they 
are the result of a similar sequence of tectonic events and 
source region-depositionat basin relationships, which pro- 
duced a stratigraphic sequence similar to one or two of the 


Labrador Trough cycles, but distinctly older. 
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Certain differences between the Cape Smith Belt 
and the Labrador Trough also point to an older age for the 
Cape Smith Belt Aphebian sequencee 
1i- The abundance of ultramafic silts and flows in the Cape 
Smith Belt compared with the Labrador Trough: ultramafic 
flows, komatiites, are more common in the Archean thnan in 
the Proterozoic or Phanerozoice 

2- The vertical nature of the deformation in the Cape Smith 
Belt, compared to the more tangential deformation in the 
Labrador Trough, suggests that it is more akin to an 
Archean tectonic style than to a Proterozoic tectonic 


style as discussed by Wynne-Edwards (1976). 


Another difference between the two belts, although of un- 
clear age significance, is the occurrence of extensive areas 
of rhyolite in the central part of the Cape Smith Belt 
(Taylor, 1974), whilst intermediate to acid volcanics are 
virtually absent in the Labrador Trough (Baragar in Dimroth 


et ale, 1970). 
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CHAPTER IX 


ECONOMIC GEOLOGY 


1. INTRODUCTION 


The Cape Smith Belt is well known for its Cu=-Ni 
deposits associated with ultramafic rocks, none of whichy 
however, have been brought to production, and the Asbestos 
Hill mine which has produced asbestos fibre concentrate 
since 1972. The formations in which these deposits occur 
extend into the Wakeham Bay areae Other potential resources 
are iron formation, stratiform sulphide deposits (Pb, Zn, 
and Cu?), and soapstonee Little exploration work has been 
done in the Wakeham Bay area, although an ultramafic sill 
near Lac Giraffe was drilled in the early 1960's and Cu-Ni 


indications were found (Dugas, 1971). 
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e COPPER- KEL 


The Donaldson and Katiniq deposits of New Quebec 
Raglan Mines Ltd occur in ultramafic rocks that are strati- 
graphic equivalents of the Upper Volcanic Groupe The deposit 
of Expo-Ungava Mining Ltde,y south cf the Donaldson deposit, 
occurs in ultramafic rocks that are stratigraphic equiva- 
lents of the Lower Volcanic Group. 

In the Wakeham Bay area, these ultramafic rocks 
are abundant only in the Upper Volcanic Group; some occur in 
the Lower Volcanic Group (see Fige 70)-e Naldrett and 
Gasparrini (1971) discuss Archean Cu-Ni deposits of this 
type; the presence of abundant iron-sulphides in the country 
rocks is a favorable criterione Numerous gossans occur in 
the Upper Volcanic Group, related to sediments, felsic to 
mafic tuffs, as well as to sulphurized (MacRae, 1974) ba- 
salts (see Fige 70)e Only one major ultramafic sill occurs 
in the Lower Volcanic Groupe Cu-Ni sulphide concentrations 
may also occur in the basal (cumulate) part of gabbroic 
sills frem the Upper and Lower Volcanic Groupe The thick 
sills located in the hills just south of Wakeham Bay show 
abnormally high chalcopyrite/pyrrhotite and 


pentlandite/pyrrhotite ratios in the gabbrose 
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Figure 70. Economic geology of the Wokeham Bay area. 
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ASBEST 


The ultramafic sill which contains the asbestos 
deposit of Asbestos Hill appears to occur at a stratigraphic 
level equivalent to the Volcano-Sedimentary Group (Gelinas, 
1961 )- No asbestos was observed in the ultramafic rocks of 
the Volcano-Sedimentary Group in the Wakeham Bay areae These 
rocks are generally talc-rich, sufficently so to be termed 
soapstonee They could provide a supply of raw material for 


Inuit handicraft. Their distribution is shown in Figure 70. 


Iron formation occurs in the Iron Group mostly in 
the southwest of the map areae Although it is mostly of the 
Silicate- and carbonate-rich type, oxide-rich iron formation 
is also presente It may contain up to 70-80% iron oxide, 
although 40-50% is more commone Horizons of oxide iron for- 
mation are rarely more than a few meter thicke The distribu- 


tion of iron formation is shown in Figure 70. 
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A potential for stratiform sulphide deposits 


exists in the Upper Volcanic Group and in the Volcano- 


Sedimentary Groupe In the central parts of the Monts Lune, a 


horizon of what appears to he a sulphide-rich exhalite 


occurs within sediments and tuffs between the major sills on 


the north flank of these hillse Up to 1-2 m of massive to 


banded pyrite and pyrrhotite were observede This horizon 


appears fairly continuous and the gossan 
observed for over 10 km along strike. In 
the Monts Lune several gossans are found 
mediate tuffse Gossans which are thought 
or nearly the same stratigraphic horizon 


of the thick sills just south of Wakeham 


it produces can be 
the central part of 
in felsic to inter- 
to be in the same 
occur at the base 


Bay e 


In the Vcolcano-Sedimentary Group a horizon about 1 


m thick of felsic tuff, containing about 


5% each of gatena 


and sphalerite, was observed to the southeast of Lac 


Vicenza, somewhat below the dolomite horizon (Fige 70). In 


the vicinity, a small (20 cm thick) galena-bearing quartz- 


carbonate vein cuts through mafic tuffe 


Both types of stratiform sulphide showings can be 


correlated to rhyolites mapped by Taylor 
tral Cape Smith Belt, near Nuvilik Lakes 
Upper Volcanic Group) and near Lac Watts 


Volcano-Sedimentary Group). 
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66 STREAM SEDIMENT GEOCHEMISTRY 


Some 220 analyses of stream sediments collected 
during the mapping programme are available (Schimann, 1976). 
They are all from the western map area; all are analysed for 


Cuy Zny Phy Niy CO, and Mn, a few for Ag and U (Table 13). 


Table 13. Average and standard deviation of Cu, Zn, Phy Nig 
Co, and Mn in stream sediments from the western map area 
(all in ppm). 


Element n ® s 
Cu 220 47 45 
Zn 219 52 32 
Pb 220 15 9 
Ni 220 32 i | 
Co 220 18 22 
Mn 220 442 §59 


eee a we we Se we ww ww ws we ws ws ww ee ow Sw | ow ww ew ew ww we ee wm ew a we oe we ee ee wm oo er = a 


On Figure 70, the anomalous values are plotted.! Several 
strong Cu, Ni, and Zn anomalies (up to Cu, Zn, Ni =x+ 6s) 
occur in the Upper Volcanic Group in the Monts Lune and fur- 
ther west towards the edge of the map area. Some of these 
appear to he related to gossanse A strong Ni anomaly occurs 
near Lac Giraffe, and a Cuy Ni, and Co (Co = ¥ + 10s) near 
Lac Dragone Several scattered Cu and Zn anomalies occur in 
the Lower Volcanic Groupe Several Zn, and Pb anomalies char- 


1 are considered anomalous: values larger than ® + 2s35 those 
larger than ¥ + 3s are underlined. 
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acterize the Volcano-Sedimentary Groupe 


Fe € USIO 


Both field observations and geochemistry suggest 
that the area has a potential for Cu-Ni deposits in ultrama- 
fic rocks and for stratiform sulphide deposits (Cu, Zn, Pb) 
related to felsic to intermediate tuffs which may be distal 
equivalent of rhyolites found in the central part of the 
Cape Smith Belte The iron formation which occurs in the area 
appears marginal under present economic conditionse No indi- 
cation cf asbestos was observed but several of the ultrama- 
fic lenses in the Volcano-Sedimentary Group are sufficently 


steatized to provide soapstone for local handicraft. 
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CHAPTER xX 


CONCLUSION 


The Wakeham Bay area consists of an Archean base- 
ment of quartzo-feldspathic gneisses, amphibolites, and 
minor paragneisses, and of part of an Aphebian fold belt. 
The Aphebian sequence starts with sediments; these grade 
upward into the mafic volcanics and minor sediments which 
form about 80% of the sequencee 

The fold belt forms an asymmetric synclinorium 
which in its eastern end splits in two and ends in isolated 
basinse The Aphebian rocks were deformed by differential 
vertical movements of rigid blocks of Archean basement along 
three systems of faultse Minor thrust faults resulted from 
the Hegictine of the thick and rigid volcanic pilee Littte or 
no crustal shortening occurrede 

The metamorphism reached mid-amphibolite facies 
(610°C, 7.25 kb) and was of intermediate P/T typee The P/T 
ratio is somewhat higher in the North, where the sequence is 
thicker, than in the Southe A marked basement effect is rec- 


ognized from the concentration of isothermal surfaces near 
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the basement-cover contact, and the parallelism of the iso- 
grads to this contacte It is concluded from this basement 
effect, that the metamorphism was a rapidly incoming single 
pulse, coeval with, and outliving somewhat the folding of 
the Aphebian covere 

The volcanism is essentially mafic and consists of 
massive and pillowed basalts intruded by numerous mafic to 
ultramafic sillse The majority of the volcanism is tholeii- 
tic, akin to oceanic tholeiitess; but in the upper part of 
the sequence a magnesian series is present, ultramafic lavas 
and high-level sills, similar to komatiites of Archean 
greenstone beltse Minor calcm~alkaline extrusives are also 
present, mostly tuffse 

Two domains of sedimentation are recognized, a 
narrow miogeoclinal domain in the South and a eugeosynclinal 
domain in the North where sedimentation associated with the 
volcanism consists of shale and grauwacke. 

Rb and Sr isotopic analyses indicated an age of 
2900 meye for the quartzo-feldspathic gneisses of the 
Archean basement and an age of 2100-2200 meye for the vol- 
canisme Closure of the K-Ar system of micas occurred at 
about 1650 meyee 

The stratigraphy defined for the Wakeham Bay area 
is at variance with the previously accepted one (Bergeron in 
Dimroth et ale, 1970)3 but it can be followed westwards on 
geological maps, and correlates well with the stratigraphy 


described in the central part of the Cape Smith Belt by 
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Baragar (1974). Lithostratigraphic correlation can be made 
with the northern most part of the Labrador Trough (the Lac 
des Chefs area) and from there, with the rest of the Troughe 
This is based mainly on correlating the Iron Group with the 
Fenimore Iron Formation and the Sokoman Iron Formation fur- 
ther south. A similar correlation can be made with the 
Kipalu Iron Formation of the Belcher Islandse However, Rb/Sr 
dating (Fryer, 1971) shows these to be significantly younger 
(1760-1840 meye )? than the Iron Group of the Wakeham Bay 
area (52150 meye )e It appears thus that the lLithostratigra- 
phic similerity only reflects a similar sequence of events 
in different basins, at different timese In fact the simi- 
larity of the sedimentary part of the stratigraphic sequence 
of the Cape Smith Belt with a part of the sequence of the 
Labrador Trough is offset by the differences in the vol- 
canism, namely the absence in the Labrador Trough of the 
komatiites which characterize the Upper Volcanic Group of 
the Cape Smith Belt. 

Other differences are the structural trend and the 
tectonic stylee In the Cape Smith Belt the trend is WSW-ENE, 
in line with the Thompson Belt, to which it is linked by 
gravity and magnetic anomalies in the Hudson Baye [In the 
Labrador Trough the trend is NNW-SSE and in the Belcher 
Islands it is NS, ieee both of these are nearly at right 
angle to the Cape Smith-Thompson trend.e In the Cape Smith 
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Belt vertical tectonics predominate and little or no crustal 
shortening occurred; in the Labrador Trough the deformation 
is marked by decollement and large thrust faults; a 50% la- 
teral shortening is estimated (Dimroth, 1970). 

Several authors (Gibb and Walcott, 19713; Thomas 
and Gibb, 19773; Demey and Burke, 1973) have considered the 
Cape Smith Beit (together with the Labrador Trough and the 
Thompson Bett) to be a suture hetween two colliding con- 
tinents in a plate tectonics frameworke This is based on the 
presence of a gravity anomaly, consistent with a model of 
continental collision and suture, on the interpretation of 
the basaltic rocks as allochtonous volcanic crust, of a 
major high-angle fault as a thrust, and of some felsic agg- 
lomerates as parts of an isltland-arc 

Dimroth (1972) compared the Labrador Trough with 
Phanerozoic geosynclines and concluded that "the Labrador 
Trough is not a Precambrian suture, and evidence for active 
plate mergins is absent in or around the Labrador Trough". 
Most of the arguments that he used are applicable to the 
Cape Smith Belt and additional ones can be invoked: 

1- There is no discontinuity in the basement between South 
and North of the Belt in the Wakeham Bay area; the struc- 
tural trends are the same and a late Archean diabase sill 
folded together with the Aphebian rocks can be followed 
in the basement around the end of the Belt. 

2- The mafic and ultramafic volcanism of the Cape Smith Belt 


is different from the ophiolite complexes generated at 
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spreading centrese The mafic volcanics are more akin to 
oceanic tholeiites than continental tholeiites, but this 
only means that they are primitive. 

Alpine-type serpentinites are absent; the only serpen- 
tinite bodies that could by likely candidates (VSG ultra- 
mafic lenses) are unrelated to faults or shear zones, 
follow the same stratigraphic horizon from the south side 
to the north side of the Belt, and are probably extru- 
sivee 

The minor calc-alkaline volcanics present are interstra- 
tified with the tholeiitic and the magnesian (ultramafic ) 
volcanics and do not represent an istand-arce 

Similarly, calc-alkaline intrusives, although they occur 
north of the Bett, are scarcee 

The absence of melange and of blue-schist facies metamor- 
phisme 

The absence of allochtonous masses and the continuity in 
stratigraphy from the south side to the north side around 
the end of the Belt, starting with the regolith on the 
basement and ending with the Upper Volcanic Groupe 

The predominance of vertical tectonics and absence of 


significant crustal shorteninge 


An alternative model can be presentede Mantle dia- 


pirism under a linear zone going from Wakeham Bay to the 


Thompson area or maybe further, caused faulting and subsi- 


dence acccompanied by volcanism during the period 2200-2150 
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Meye agoe This resulted in the volcano-sedimentary sequence 
now visible. Sedimentation and volcanism may have carried on 
continuously or discontinuously until 1750-1650 meye ago, to 
form the additional 15-18 km of sediments and volcanics that 
were present at the time of metamorphisme In the Labrador 
Trovgh and the Belcher Islands a similar process took place 
but it started only 1900-1850 meye agoe 

In the interval 1750-1650 meye ago, the major de- 
formation and the metamorphism (Hudsonian Orogeny) took 
place and the locus of the mantle diapirism moved away from 
the Ungava Craton and waned. 

The regional gravity low over the northern Ungava 
Peninsula is due to crustal thickening as a result of accu- 
mulation of sediments and volcanicse The density contrast 
between the Archean basement immediately north and south of 
the Belt can be attributed to the presence of granulite 
facies rocks in the Northe 

A scenario for the evolution of the Wakeham Bay 
area and its surroundings will now be presentede 

At 2900 meye or earlier a gneissic basement was 
present; sedimentation and volcanism may have occurred sub- 
sequently, followed by deformation and high-grade metamor- 
phism at 2600-2500 meye (Kenoran Orogeny). The pre-Kenoran 
basement is only inferred and the Archean paragneisses may 
be of the same age as the quartzo-feldspathic gneisses that 
yielded a 2900 meye minimum ageée 


At about 2300 meye a weak tensional regime over 
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large parts of the Ungava Craton is indicated by diabase 
dykese 

At about 2200 meye the beginning of subsidence 
resulted in a transgression over a peneplaned continente The 
sedimentation begins with local coastal sandstones followed 
by a shallow marine environment in which iron formation is 
depositede Subsidence increases and a sequence of shale is 
depositede This shale sequence is interrupted near its top 
by a carbonate episode. Volcanism, which becomes a signifi- 
cant part of the series a Llittie before deposition of the 
carbonate horizon, had already started during deposition of 
the Iron Group, at least in the central part of the geosync- 
linee The pelitic sedimentation ends abruptly and is fol- 
lowed by coarse detrital sedimentation, coastal to continen- 
tal sandstone and arkose with minor conglomerate and locat 
dolomitic brecciae This episode may be locally discordant. 
It is followed by immature marine sediments (shale and grau- 
wacke) interstratified with and subordinate to mafic and 
ultramafic volcanicse Two horizons of sandstone and minor 
conglomerate occur after the first and after the second 
third of this sequencee These horizons may represent short 
lived regressionse 

The 2200 meye transgressive sedimentary sequence 
can be observed essentially anywhere in the area, but the 
relative thicknesses varye The sediments are thicker in the 
South, where a miogeoclinal domain may be distinguished 


which contains little volcanics, than in northern eugeosync- 
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Linal domain which starts with a thin plateform sequence 
covered by thick votcanics and immature sedimentse The thic- 
knesses that can be estimated are 8-16 km in the eugeosync- 
linal domain and 2-3 km in the miogeoclinal domaine To this 
must be added a thickness of eroded rocks of 15-18 km to 
account for the now observed metamorphic gradee 

The volcanism is essentially tholeiitic with koma- 
tiitic rocks in the upper part of the sequence and, once, in 
the lower parte Minor calcr-alkaline extrusives are also pre- 
sente 

The Aphebian sequence was deformed, folded and 
faulted in response to differential vertical movements of 
rigid basement blockse The deformation was accompanied and 
cutlived by metamorphisme This metamorphism corresponded to 

a single relatively rapid pulse; hence the main deformation 

must have been short-livede The age of deformation and meta- 

morphism is not certaine It must have occurred between 2150 

Meye (age of the volcanism) and 1650 meye (closure of the K- 

Ar system in micas)e Two possibilities exist: 

1— deformation and metamorphism shortly after deposition of 
the tose (>2100 meye) and uplift (following denudation) 
past the 350-400°C isotherm at about 1650 meye3 

2- deposition at 2200-2150 meyey minor faulting before, 
during, and after deposition along the EW to WSW-ENE di- 
rection; main deformation, metamorphism and uplift during 
the Hudsonian Orogeny at 1750-1650 meyes uplift (follow- 


ing denudation) past the 350-400°C isotherm at about 1650 
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MeYee 


During the Hadrynian, a weak tensional regime in- 
cluded the Cape Smith Belt as indicated by 675 meye old dia- 
base dykese These dykes are parallel to the faults Limiting 
the Hudson Strait Graben (Wade et ale, 1977)- This structure 
may have formed then or during the Mesozoic in response to 
the opening of the North-Atlantic and be related to the 
Baffin Basin System of grabene 

No direct information is available on the 
Paleozoic in the areae Plateform-type sedimentation occurred 
in Ungava Bay and Hudson Bay where it extended into the 
Mesozoice This plateform sedimentation may have covered most 
of the Ungava Craton (and the Wakeham Bay area) at some time 
during the Paleozoic (Ordovician? ). 

During the Quaternary, an ice cap covered the area 
until some 8000 ye age, leaving it freshly eroded, covered 
with a thin and discontinuous layer of till, and underlining 
the preexisting structurese Subsequent isostatic readjust—- 
ment lowered the relative sea-level by up to 400 feet and 
provided a high energy environment for the erosion of the 
tille This resulted in a belt of excellent outcrop condi- 
tions along the coaste This process of denudation of the 
high grounds and redeposition of the till in the major val- 
leys and bays is still ongoing and is the only geological 


process visibly active at present. 
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APPENDIX I 


ELECTRON MICROPROBE WHOLE-ROCK ANALYSIS 


1. PREVIOUS WORK 


Several methods of sample preparation for whole- 
rock analysis with the electron microprobe have been tried 
Since 1964. Three groups can be recognized: pressed powder, 
fusion with flux, and direct fusione 

Arrhenius et ale (1964) suggested a pressed powder 
technique for very fine material and a fusion technique in- 
volving the addition of equal amounts of flux to the samples 
and the production of a bead using a Pt loop dipped into the 
melte 

Gulson and Lovering (1968), Reed (1970), and Mori 


et ale (1971) adapted the flux fusion technique, suggested 


by Norrish and Chappell (1967), for X-ray fluorescence ana- 
lysis, to microprobe analysise Reed recommended the omission 
of the LasG3 from the fluxe Wittkopp and O'Day (1973) recom- 


mended reducing the flux:sample ratio to 3:1 with fusion in 
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a graphite crucible for 10 minutes at 1100°Ce Inman (1972) 
recommended using a flux made up of five parts Li2oB,40?7 and 
one part LieCO3 and mixing in 5:1 proportions with the 
sample. Fusion is then carried out in a gold crucible for 9 
hours at 1025°C in aire 

A direct fusion technique was proposed by 
Rucklidge et ale (1970) in which rock samples are melted in 
graphite crucibles in a Pt-wound quench furnacee Hydrogen is 
passed through the furnace to prevent excessive oxidation of 
the graphitee Temperatures used are approximately 100°C 
above the liquidus for the particular compositions involvede 

Nichotls (1974), and also Brown (1977), Likewise 
used direct fusion techniques, but employing iridium or mo- 
lybdenum strip heaterse Nicholls carried out fusion in airy 
while Brown used a vessel pressurized with argone In these 
methods, strip temperatures between 1600 and 2000°C and 
loads of 10-20 mg were usede 

All of these techniques suffer from particular 
disadvantagese Pressed powders are suitable only when the 
grain size can be kept well below the size of the analysed 
volume and substantially less than the depth of electron 
penetration (1-5 microns). If this is not the case, the 
volume analysed may not be representative of the bulk compo- 
sition, and aiso, normal ZAF corrections are not applicable. 
powders have to be carbon-coated to render them 


Furthermore, 


conductive; the film deposited to achieve this commonly 


breaks when the samples are transferred from air to vacuum 
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and vice versée 

In microprobe analysis, the introduction of large 
amounts of flux to assist in fusion gives rise to poor ac- 
curacy and sensitivitye The reduction of the amount of flux, 
to say 3 parts flux against 1 part sample, reduces these 
problems, but then loss of iron to the Pt-crucible increases 
as the viscosity goes upe All methods involving the addition 
of flux also have the disadvantage that both flux and sample 
have to be weighed accurately. Flux melting has the advan- 
tage of minimizing vaporization losses, and of being abte to 
accommodate all rock compositionse 

Direct melting of samples also suffers from disad- 
vantagese Where a muffle-furnace or a quench-furnace is 
used, crucibles are necessarye Alumina crucibles are costly 
and cannot be reusede When a graphite crucible is used for 
such direct fusions, there is a loss of Fe and other transi- 
tion metals into the crucible and also reduction of some of 
the oxides to the metale Some of these problems are avoided 
with the use of the strip furnace, but others are intro- 
duced; the composition of 10-20 mg of powder is unlikely to 
be representative of a sample, even if the rock has been 
reduced to -325 meshe Commonly, quench magnetite appears in 
the glass (especially at the upper surface where the tem- 
perature is not as high as that of the strip itself (1600- 
2000°C )e Inert atmosphere must be used with some strip 
metals (only Ir and Re can be used in air), increasing the 


complexity of the apparatus and the time required for mel- 
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tinge Molybdenum has several advantages, but must be used in 
inert atmosphere, contaminates the glasses significantly 
(0.3-0-8 wt%), and absorbs Fe and Ti from the glass (Brown, 
1977; Cameron-Schimann, 1978). Such effects are enhanced by 
the high surface to volume ratio of the glass in strip fur- 
nacese This high ratio, combined with high strip tempera- 
tures will also increase alkali volatilizatione These ef- 
fects can be reduced by using a short run time, which in 


turn tends to produce inhomogeneous glasses (Brown, 1977). 


e EFINITI ¥ the OBLEM 


To be analysable on the electron microprobe a pre- 
pared rock sample must be: 

1— Homogeneous at the scale of the volume excited by the 
electron beam; in the present case it was decided that a 
convenient method of analysing a volume as large as pos=- 
sible was to use a rastered beam to sweep over four areas 
cf about 600 x 500 microns, thus analysing a volume of 4 
x 10-© cm? (average depth of penetration of the electron 
beam: 3 micronse This is possible with energy dispersive 
analysise With wavelength dispersive analysis, the volume 
would be reduced by 2 orders of magnitude.) The rock 


sample must therefore be homogenised at the scale of 4 x 


10-Scm3 or 10752. 
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2- Non-porous; using a porous sample and a non-porous stand- 
ard or sample and standard of different porosity means 
different conditions of X-ray production and normal ZAF 
corrections would not be applicable. Furthermore, samples 
have to be conductive, and the carbon film deposited to 
achieve this commonly breaks when porous samples are 
transferred from air to vacuum and vice versae This prob- 
lem could be overcome by mixing tne sample with colloidal 
graphite (DeGeWe Smith, 1978, personal communication )e 

3- Polishables; this condition is related to the previous 
Onee 

4- Undiluted; the peak to background ratio of a dilute 
sample is decreased relative to an undilute sample and 
consequently the Limit of detection is increased and the 


accuracy decreasede 


In addition to this, the prepared sample should be 
representative of the originat sample, at least within the 
Limits of precision of the analytical method, jeee it must 
have the same composition, with no contamination and no loss 
(or only known and non-essential losses )e The preparation 
method should be rapid and inexpensive to take advantage of 


the possibilities of electron microprobes equipped for 


energy dispersive analysise 
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To define a modus operandi for the solution of the 
above problem, it was necessary to determine certain physi- 
cal dimensions and parameters, for example sample size, eva- 
poration losses from melts, diffusion in melts, Limits of 
glass forming compositions, etceee Various avenues were exp- 
lored based on previous worke The first that was tried was 
the pressed powder methods; it was found inadequate for rea- 
sons given abovee Consequently glasses, and in particular 


glasses undiluted by fluxes, are considered to be suitable. 


A HOMOGENEITY and REPRESENTATIVITY 


To produce a glass from a powdered rock sample, 
the volume analysed by the electron microprobe (4 x 10- ®cm? 
or 10-Sg) must be representative of the sample, jeee it must 
have a composition indistinguishable from that of the sample 
(within the Limits of precision of the analytical method 
used). Firstly, the scale of homogeneity of the rock powder 
must be determined, jee the size of the smallest aliquot to 
be melted which will tbe representative of the sample. 
Secondly, it must be determined if melting to form a glass 
will reduce this size to that of the analysed volumee 

The problem of sampling error is discussed by 


Wilson (1964) and Ingamells et ale (1972). Considering the 
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rock powder as a bimineralic mixture, the sampling error is 


obtained from: 


R = ([(Cpq)/n ]9°5.( B-H)/K 


PyQq proportions of the two minerals 
B,H = concentrations of the element considered in 
each mineral 


K overall concentration of this element 


n = effective number of grains in sample 
n = w/d(D x 107-*)3 

w = sample weight in grammes 

d = density of powder 


D= effective diameter of grains in micronse 


This simplification (only two phases present) enables one to 
calculate an approximate sampling error for an element by 
taking the mineral with the highest concentration of that 
element as phase 1 and the rest of the minerals as phase 2. 
For example, ina granite composed of quartz, K-feldspar, 
albite, and biotite, R( Fe) can be calculated by taking bio- 
tite as phase 1 and quartz + K-feldspar + albite as phase 2. 
But if this granite were to contain hematite, hematite would 
be taken as phase 1, for the higher the concentration of an 
element in a phase, compared to its average concentration in 
the rock, the larger R wilt be for a given sampling size. 


As an example, a grain size analysis has been made 
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on ea sample of granite run through a jaw-crusher, a rotary 
milt, and finally for about 4 min in a swing-mill (Table 


14). 


Table 14. Grain size distribution of 40 ge of granite run 
through a jaw-crusher, a rotary mill, and in a swing-mill 
for 4 mn 

nominal fraction 

diameter by weight 

D microns 


100 Oe1 
65 Oel 
42 Ol 
28 O.1 
18 0.1 
12 0.1 

726 Oel 
5.0 Ol 
3e3 Ol 
2el Oe1 
effective diameter = sum of D x ge 


28e3 microns 


For a granite as above containing 1.5% FeO, all in 
biotite (6% of the rock and containing 25% FeO), the samp~ 
ling error for various sampling sizes will be as follows: 


relative error sample size 


0.1% 1 g 
023% 100 meg 
1% 10 mg 


In fact rock powder for chemical analysis is often 
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coarsere A -70 mesh powder, (effective diameter 70 microns) 


will give the following errors: 


relative error sample size 


0.4% ig 
1.4% 100mg 
4.4% 10mg 


For minor elements, especially when concentrated in a single 
phase, the sampling error will be much largere 

Considering the sensitivity and precision of the 
electron microprobe, a sample size of 0.1-0-e5 g can be con- 
sidered sufficiente 

Fusion of this 0.1-0e5 ge of rock powder must 
result in a reduction of the sampling size to 1075 ge Two 
mechanisms will tend to homogenize the melt: 
1- self-diffusion of the elements in the melts; 
2- convection and/or mixing due to the movement of air 

bubbles in the melte 

Some information is available in the literature for the 
Sivas mechanism, mainly from synthetic systems (Borom and 
Pask, 19683; Eitel, 19643 Sippel, 19633; Towers et ale, 1953 
and 19573; Winchell, 1971). From a compilation and comparison 


of the data found in these studies, the diffusion coeffi- 


cients (D) at about 1400°C are: 
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§ x 10-5 cm2/s for Na 
1 x 10-%cem?2/s for Ca (and Fe2t) 


1 x 107-’cm?/s for Si 


A convenient estimate of the magnitude of the diffusion is 
the mean-square displacement (Ramberg, 1952): 

xer= 2Dt 
where x is the average length of the path of the diffusing 
particles through time te For example taking t = 300 S, the 
mean displacement is: 

0-08 mm for Si 

0.24 mm for Ca (and Fe?t) 


1-73 mm for Na 


A sample size of 0.1 g is equivalent to a sphere of 2 mm 
radiuse Diffusion alone is thus sufficient only for Nae 

Some information is available in the Literature on 
the second mechanisme Shimada (1954) gives a diffusion coef- 
ficient of 107-3 cm?2/s for Ca at 1400°C, from an experiment 
which includes the effect of convectione This is three 
orders of magnitude greater than diffusion without convec- 
tione The mean displacement for Ca increases tc 8 mm and 
that for Si, by comparison, to 2¢4 mme However, Shimada's 
work was performed on a low viscosity system (CaO t Naso = 
25%) and in a granite composition homogenization will be 


achieved only at temperatures above 1400°c. 
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B GLASS MAKING 


The most common method of making a glass from rock 
powder is to put some rock powder in a crucible and insert 
this crucible into a furnace, which is subsequently set toa 
temperature above the liquidus of the rocke Common crucible 
materials are silica glass, porcelain, recrystallized alu- 
mina, alundume, platinum—group metals, all of which can used 
in air, and graphite which must be used in vacuum, or in 
inert or reducing atmosphere. 

The use of crucibles is restricted by their Limit 
of resistance to heat and to the corrosive action of sili- 
cate melts, especially basic melts. Silica glass recrystal- 
Lizes above 1100°C and porcelain crucibles soften above the 
same temperaturee Alundumeg is infiltrated and pierced by 
mafic meltse Recrystallized alumina and platinum-group 
metals can be used over the whole range of temperature re- 
quired for the melting of most rockse However, recrystal- 
lized alumina contaminates the melts and platinum-group 
metals absorb transition elements from the melt. These ef- 
fects are not too serious on short runs (less than 15 min 
for batches of 3-5 g)e Graphite can be used to temperatures 
sufficiently high to melt all types of rocks; it must be 
used in an oxygen-free enclosure which complicates its usee 
But even then it has a tendency to burn by reducing transi- 
tion element oxides to the metal; the CO2 produced results 


in frothing of the melt. Very rapid fusion may reduce this 
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problem at the expense of homogeneity. Compared to recrys- 
tellized alumina and platinum-group metals, graphite is ine- 
xpensive, and can often be reused which is not the case for 
the first two materials. 

Various types of furnace were considerede At the 
time of these experiments, the muffle furnaces available at 
the Department of Geology could reach a temperature of only 
1350°C, which is insufficient to melt most rockse An induc- 
tion furnace was tried at the Department of Physics, using 
graphite crucibles as susceptorse The temperatures that can 
be reached are sufficient to melt most rocks, the system is 
flexible, and melting could be done rapidly by employing a 
crucible-susceptor combination that can be used in airs; but 
a vacuum or inert atmosphere system makes its use, slow and 
cumbersomee 

Some experimentation was done with strip heating. 
A molybdenum strip was used, in vacuume The method was found 
to be flexible and rapide But small quantities of powder 
must be used, increasing the sampling error beyond accep- 
table limitse The melt is contaminated by the molybdenum 
strip; this seems to be in part due to a thin layer of moly- 
bdenum oxide present on the metal and the contamination 


would be lessened by preheating in a reducing atmosphere. 


The glasses produced were not homogeneouse However, experi-~ 


mentation with this method was not extensive and improve- 


ments could be made (Brown, 1977)-« 


Homogeneous gtasses can be produced rapidly and 
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with a minimum of equipment by using a fluxe The method used 
for X-ray fluorescence analysis (Norrish and Chappell, 1967) 
can be adoptede La203z is not necessary as matrix corrections 
are routinely made.e The main drawback is the low sensitivity 
resulting from the seven-fold dilutione This dilution ratio 
can be reducede Experiments with LioB4O7 alone, showed that 
it is possible to produce a glass in a Pt-Au crucible over a 
Mecker burner with a flux:rock (granite or basalt) ratio as 
high as 1:2. But using such low proportions of flux in- 
creases the time required for the fusion, and the absorption 
of transition elements by the crucible, and decreases the 
life-time of the crucible.! 

The conclusion drawn from this preliminary work is 
that a method should be used that does not require cru- 
cibles3; a method that is also rapid and of low coste The 
method that was developed for this purpose, and which is 


described in the following section, uses an image furnace. 
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THE GE RNACE 
An image furnace is a device for projecting the 
image of a high intensity radiation source onto the surface 
of the object to be heatede The source can be a carbon arc, 

a short-arc Lamp, a filament lamp, or the sune The optical 

device may consist of parabcloidal or ellipsoidal mirrors, 

or of lensese 
The efficiency of an image furnace is proportional 
tos 

i- the fraction of the energy supplied by the source that 
can be focussed onto the object to be heated; 

2- the albedo of the object within the spectral range of 
emission of the source, or to be more accurate, within 
the spectral range of the radiation that reaches the ob- 
Jjecte 

Several studies have been made of the radiative 
properties of geological material; of those the studies of 

Adams and Felice (1967) and Hovis and Callahan (1966) are 

particularly usefule They show (see Fige 71A) that in the 

spectral range 0.4-22 microns: 

1- felsic igneous rocks have a higher albedo than mafic 
ones, as might be expected from their colour; 

2- the albedo increases strongly as the particle size de- 
creases; the albedo of an unsorted powder is similar to 
that of the finest fraction; 


94- the albedo increases from 0.4 microns to the near-infra- 


red and is low again above 5 microns; 
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100 


reflectance and transmittance (%) 
oO 
re) 


50 


relative intensity (%) 


wavelength (microns) 


Fig. /1 Radiative properties of materials... 
A- albedo of granite and basalt powders.,. 
reflectance of gold and silver, 
transmittance of silica glass (less than 1 cm thick). 
B- spectral distribution of energy emitted by a black body 
at 3200 Ki 
After Adams and Felice (1967), Hovis and Callahan (1966) 
Harrison (1960), and Beder et al. (1971). 
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4- most rock types show strong absorption bands between 2 


and 3 microns. 


From these considerations, one should choose a source emit- 
ting in the ultraviolet or in the infrared, either above 5 
microns or in the 2-3 micron rangee In addition, the source 
should be as small as possible. However, ultraviolet and 
far-infrared radiations require special optical materiale 
Three compact Light sources could be used: short- 
arc lamps, carbon arc, and incandescent lampse Short-arc 
lamps emit most of their energy between 0.25 and 1.1 microne 
Carbon arcs are of various types; but in general a large 
proportion of the emitted energy is in the ultraviolet and 
visible. Both of these sources require rather complex and 
expensive power suppliese They have, however, the advantage 
of being of very high radiance (power per unit surface area ) 
as they are nearly point sourcese The incandescent lamp has 
an emission similar tc that of a black-body with a maximum 
(at 3000°K) at 0.9 micron, ieee a large proportion of the 
energy is in the infrared. Its spectral efficiency for the 
present purpose is about equivalent to that of a carbon arc 
or a short-arc lampe It has the disadvantage of a lower ra- 
diance (larger source at equal power), but the advantage of 
low cost, simplicity, and flexibility: its power output can 
easily be varied with an erdinary variac unit from 0 to 100% 
(according to the type of material to be melted). In the 


prototype, a 120 V - 2000 W tungsten-halogen lamp with a 
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Silica glass envelope is used (type BWA of GeTeEe Sylvania)e 
At 120 V, it approximates a black-body radiation source at 
3200°K (see Fige 71B). Such high temperature can be reached, 
while retaining a high average rated life (350 hr), by the 
use of the tungsten-halogen cyclee The presence of a silica 
glass envelope rather than ordinary glass, in addition to 
making possible the use of the tungsten-halogen cycle, ex- 
tends the spectral range of the emitted radiatione 

The fraction of the energy emitted by the source 
that reaches the object to be heated depends on the geome- 
trical and optical characteristics of the furnace and on the 
materials used for the mirrors and windowse 

In the prototype, the mirrors are first surface 
gold-coated mirrorse Gold and silver have the highest refle- 
ctance within the spectral range considered (Harrison, 
1960). The reflectance of gold decreases sharply below 0-6 
micron, but a lamp, such as the one used, emits little 
energy below that (see Fige 71C); gold also has the advan- 
en eg being chemically inerte Such mirrors should not be 
used above a few 100°C and cooling must be used where neces- 
sarye Most of the optical components of the image furnace 
are located outside a vacuum chamber that contains the 
sample. The window of this chamber is of Silica glass 
(General Electric type 105) and has a near 100% transmit—- 
tance from 0.2 to 2e7 microns and more than 70% between 0-25 
and 3-5 microns (Beder et ale, 1971) (see Fige 71A). This 


interval contains over 95% of the energy radiated by the 
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lampe Other materials suitable for that wavelength range are 

much more expensive, such as synthetic sapphire, and/or itiess 

heat resistant, such as LiF. 
The optics of the image furnace (Fige 72 and Plate 

1) consist of: 

1- a main mirror: ellipsoidal, diameter 16", clearance (from 
apex to near focal point) 5S", working distance (from apex 
to far focal point) 20", and a collecting efficiency of 
50%31 

2- a backup mirror: hemispherical, diameter 3"; 

3- a collector mirror: conical, height 5", diameters 7" and 


1.8". 


The source (lamp) is located at the near focal 
point of the main mirror which collects 50% of the energy 
emitted and focusses it to the far focal point (sample 
position)e The backup mirror collects the other 50% of the 
emitted energy and sends it back through the source onto the 
main mirrore Because of the finite size of the source (0.35" 
x 1-38") the image formed by the main mirror is large, about 
3-5" in diameter. The irradiance of this image is not homo- 
geneous; the inner 1" diameter circle, which is the surface 
to be heated, receives about 30% of the energy. The collec- 


tor mirror (conical) concentrates on this surface a major 


1 catalogue number 3E-16-5-20, Special Optics, Cedar Grove, 
New Jersey 
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Figure 72. Sketch of the image furnace. 
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portion of the outer 70% of the beamed energye It is esti- 
mated that in this manner the irradiance in the inner 1" 
circle is increased by 100-150%. 

The main mirror and the lamp are air-coolede The 
backup mirror and the lLamp-seal area are water-coolede The 
sample sits in a vacuum chamber which is water cooled, as is 
the ring that supports the small bell-jar.e This bell-jar is 
made from a silica-glass crucible (15 ml wide form) whose 
rim is ground flat to hold vacuume 

The image furnace was built on a disused vacuum 
coating unite The sample chamber is connected to a mechani- 
cal vacuum pumpe A diffusion pump can also be connected if a 
hard vacuum is ever requirede A needle valve is provided on 
the chamber to bleed in air or an inert gas, while a diaph- 
ragm valve between the chamber and the pump permits rapid 
and flexible control of the vacuume In normal operation a 
pressure of between 1/4 - 3/4 atme is maintained and con- 
trolled with a Bourdon gauge; other gauges are available for 
hard vacuume The upper part of the apparatus is enclosed in 
a thin aluminium casing to shield the operator from the ul- 


traviolet radiation of the lamp and others from its glare. 
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FUSION PROCEDURE 


A PREPARATION 


The rock sample is ground to 100% -100 microns 
(see Table 14). A useful and simple test of grain size can 
be carried out; no grains should be detectable between the 
fingers if the powder is fine enoughe The sample must be 
ground fine not only to decrease the sampling error, but 
also to aid in the melting which will be more rapid with 
fine powder. 

During direct fusion some of the volatile elements 
are lost: H2O, CO2y Sy, Cl, P (in part). If this loss occurs 
during fusion in the image furnace, some of the evaporate is 
deposited onto the bell-jar reducing its transmittance. To 
avoid this, the sample is preheatedse About 0.5-2.0 g of 
powder ina 4 ml porcelain crucible is heated for 12 hours 
at 1000°C in a muffle furnacee This eliminates most of the 
volatiles that are lost during direct fusion, and produces a 
sintered pellet which can easily be tipped out of the cru- 
cible in one piece (see Plate 1)- If a lLoss-on-ignition de- 
termination is required, it can be done at this stagee The 
preheating is done in large batches by using a tray made 


from refractory bricks holding about 40 porcelain crucibles. 
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B FUSION 


The sintered pellet is tipped from the crucible to 
sit inverted on the top of an inconel! pedestal and then 
introduced into the chamber of the image furnaces The cham- 
ber is evacuated to 3/4 or 1/4 atm. depending upon whether 
the composition of the sample is basic or acide The purpose 
ef having this partial vacuum is to extract air bubbles that 
are trapped in the melte The voltage is then increased until 
fusion begins to occur, then further increased by 10 to 20 
volts (maximum of 120 volts), and held there for about 5 
minutes for samples that mett readily, or 10 minutes for 
more refractory materiale The reason for not using a harder 
vacuum is that components of the melt can be lost by vapour 
transport during melting, the lower the pressure, the grea- 
ter the losse Loss by this mechanism increases as the visco- 
Sity of the melt drops; hence higher pressures are used with 
the less viscous meltse After melting is complete, the 
sample is removed from the furnace and quenched with an atu- 
minium bare 

The upper half or two-thirds of the pellet are 
melted, the Lower part acting as the hearth, and thereby 
eliminating the problem of contamination by crucible wails. 
The elimination of the bubbles not only makes a glass that 


1 72% Ni, 6-10% Fe, 14-17% Cr; this alloy has a good resis- 
tance to oxidation at high temperatures Ordinary steel would 


produce scales during the fusione 


4 et BAS) 
ae ie / , 

ot ofdt}o@es off aott Manan adi rad See nian wire a | 
fetacbsq 4Sen00n! na be aot oat ans didi 


nredt buns 


axeh spank edit to anditaito edt_otal ne 
are BML aw) ec or ber evoave 


“nots 9@7 «8908 


~ottedy mogqey geibrsqe> 


ae coe HES) mt sblan, +0 oimed, es so iquaie ‘wei? re. solht ta 


shite - donee what 


ae Fada: 2s tan FRX oF at wm 


ai agat fom oat ton Lik co by 
oH 
ornontt mock Paee® asd ervoDe ot en tged 


+ ost? 
fi¢ou han aw onme pect + 


Of oF OL edo Derwe 


t epee? biod tire, tate ORL Xo wer 


2 ¢s900ca OA 


20% ea?ue te OL wo ed Laws +lem ted? aeiqmns 16O% 
i 


2 ot nena dt fetaoton oe 


eateod @ aie thio tow 
ot teos. act mao rion oat to. iGhasaeeen> ale whe 
eter tte || wet ewok auth vanitfon wr 

iid ah avsev tort nataadonie yar xe apot woahiiel Py 
eat Om: MOTTE TA vont pit oven = “er fom a os 
uth .o*eiqacs ab: wrk 9 Fei: arth for tow euonahw 
~ulas me at be baa matin? bisa ‘coda oat oth MOT?! Novos al 


Nebr ae 1S ¢ ae 


* y 4 
u 


‘eeay 


-nnTiy wer é 
! ai 
a 


“maa ie 


4 ? A 


——> 
aC oa 7 


awe rad fom eith to nom Leh owed oO afon seas od Pe 


p 


Cisred4 ik wren oat ae mshi tik ith sewods nano 


saifaw. efdtoure <d\aobtentantaae ro meddous adr woltae " 
- 5 


giao ron ae Ttaud edt to aolitankets d 
UT | : 

By ARs ae _ . A ; 

-~gieet Boog 4 end yosim eta? $29 a eal 8: wOot-a af) a) 
ta ‘ah tabixo ot Se i 


eivow Soote eran loro ort orogens Te 
srotayt at? odd anand col ene souborq 


teady eealy 2 @0tDm 


: hw 


295 


is easily polished, but also aids in the homogenization pro- 
cesse This mixing can he enhanced in viscous melts by 


varying the pressure during the meltinge 


C PROCESSING 


Glass. chips of sufficient size to produce a po- 
lished surface of 3-4 mm* are mounted in epoxy resin, 12 or 
more per 1" diameter petrographic mounte A convenient way is 
to prepare epoxy resin blanks, drill 12 holes a few milli- 
metres deep, embed the glass chips in fresh epoxy resin, and 
set the mount upside down on a glass plate, for example a 
petrographic slide, for curinge In this manner all chips 
will be at the same tevel, near the surface of the mount, 
making for easier grindinge The glass plate should be coated 
beforehand with a silicone-based Liquid! for easier removal 
of the mounts after curing of the epoxy resine 

Grinding and polishing is done as for other po- 
lished mounts used in electron microprobe worke But it is 
preferable to let the mounts harden for several days before 
grindinge Also the grinding, prior to polishing, must be 
done on silicon carbide paper and not on a cast-iron wheel 
and glass plates with silicon carbide powder, as is done 


with rock samples. Care must be taken in the identification 


1 for example Buehler Release Agent 
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of the samples, at the pre-fusion stage and at the polishing 
stagee A convenient system for sample identification is to 
cut a groove along the side of the mount before embedding 
the glass chips and counting the sample positions always in 
the same pattern. After polishing, the samples are carbon- 


coatede 


D ANALYSIS 


The procedure used for analysis is very similar to 
that outlined by Smith and Gold (1976)-e An energy dispersive 
technique is used which gives fully quantitative analyses 
for major and minor elements from Na to Zn, plus Zr and Bae 
Thus 22 elements are determined simultaneously and automati- 
callye Analyses are collected for a period of 400 s using a 
rastered beam sweeping over an area of 300 x 250 or 600 x 
500 micronse If the rock is acid and the melt, from which 
the glass was formed, was very viscous, minor residual in- 
homogeneities can be averaged out by selecting 4 such areas 
and sweeping each for 100 se The data produced is processed 
through the FCRTRAN IV programme ‘EDATA* which applies all 
necessary corrections for background, overlap, escape peaks, 


drift, as well as ZAF effectse 
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E VAPORIZATION LOSSES 


As mentioned abeove, some of the components of the 
rock powder are tost in the glass making; H2O, COo, Sy Cly 
and P (partly). Such losses will occur in all direct meiting 
methodse Phosphorus losses can be minimized by using a mel=- 
ting time which is as short as possiblee These losses do not 
detract much from the usefulness of the method, but other 
losses may be more significant, and alkalies are of particu- 
lar concerne 

At temperatures above 1000°C, the partial pressure 
ef vapour of some of the constituents of rocks is sufficien- 
tly high that losses may occur, and be a potential source of 
error in the analysed composition. To a first approximation, 
a melt may be considered as a mixture of oxidese At the sur- 
face of the melt, an oxide MO(l) is in equilibrium with its 
vapour constituted by MO(g), M( ge), Ole) etceee The surface 
of the enclosing chamber is at a much lower temperature and 
the wanes pressure of MO is lower there than near the sur- 
face of the melt; a gradient of concentration is established 
and mass transfer occurse In soft vacuum and at atmospheric 
pressure, the mass loss rate is pressure dependent and is a 
diffusion-controlled processe Calculations have been made to 
establish the mass loss rate on simple systems. With a 
system as complex as a natural rock such calculations are of 
little use and direct experimentation is more useful. 


Information is available in the literature on ex- 
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periments done in four fields: pure oxides, synthetic 
glasses, tektites, and Lunar materialse 

Tables of vapour pressure of oxides (Brewer, 1953) 
are useful only in that they give a relative order of va- 
porization of oxidese A glass is not onty a mixture of 
oxides, it is a framework of silica groups to which are 
bonded the other oxidese The vapour pressure of an oxide 
will be a function of the dissociation energy of the frame- 
work, the dissociation energy of the oxide, the vaporization 
energy of the oxide and of the elemente In addition, the 
rate of vaporization will also be controlled by diffusion in 
the glasSe 

Experiments on synthetic glass are done at atmos- 
pheric pressuree The rates of losses measured vary, from 3 
to 150 x 107% me /cm® at 1400-1500°C (Dietzel and Merker, 
19573; Oldfield and Wright, 1962). The losses are mainly so- 
diume 

Experiments on tektites and those on lunar rocks 
are more akin to the present problem as they deal with na- 
tural (complex) systems, one of granitic, the other of basa- 
ltic compositione The results on tektites are contradictorye 
Walter and Carron (1964) found weight losses at 10~© atm. of 
3-7 x 1072 mg/cm2.mn at 2000-2100°C and 1.4 x 107-3 mg/cm?.mn 
at 1780°C. The vapour pressure at 1600°C is measured as 0.3 
atmee Centolanzi and Chapman (1966) measured a vapour pres- 
sure of 10-5 atme at 1600°C and mass loss rates that vary 


(at 1825°C) from 1 mg/cm@.emn at 0.1 atm to 0.1 mg/cm?.mn at 
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1 atme These results are quite contradictory; the method 
used by Centolanzi and Chapman (1966), direct measurement of 
weight loss by evaporation, is more similar to the present 
situatione 

Biggar and O*Hara (1972) measured mass loss rates 
for Nea2O and K2O of O«1 mg/cm@emn at 1175°C and pressure on 
the order of 10-7 to 10-8 atm. for a tholeiite.e De Maria 
et ale (1971) measured the vapour pressure of lunar basalts. 
Their findings are shown in Figure 73. The differences be- 
tween the two samples may be related to differences in vis- 
cosity: sample 12022, 7 poises and sample 12065, 11 poises 
at 1400°C (Weill et ale, 1971). Vaporization losses may be 
Significant for alkalis and iron if hard vacuum is used 
during melting. 

In conclusion, it appears that vaporization losses 
will be negligeable if the pressure during melting is kept 
above 0.1 atmosphere for low viscosity melts (basalts, ul- 


tramafic rocks, peralkaline rocks) and 0-01 atmosphere for 


high viscosity melts (granites, granodiorites ). 


F UNITS of GLASS-FORMING COMPOSITIONS 


Limits of glass-forming compositions are set in 


two ways: 


1- the ability of the furnace to melt a given composition; 


2- the ability of a melt to form a glass upon coolinge 
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Higure:/3. Vaporization behaviour of lunar basalts in vacuum. 
After De Maria et al. (1971). 
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Certain rock compositiecns cannot be melted in the 
image furnace, because of their high liquidus temperature 
(ultramafic compositions with MgO > 45%), and/or their high 
albedo (SiOo + Al2z03 > 85-90%). 

Certain rock compositions do not form homogeneous 
glasses because: 
1i- the melt does not solidify as a glass (it recrystallizes, 

even upon rapid quenching), or 


2- liquid immiscibility produces an inhomogeneous glasse 


The formation of glass is discussed by Rawson 
(1967). Mest materials melt to a liquid with a viscosity 
comparable to that of water (0.02 poise), and when this 
Liquid is cooled it crystallizes rapidly. Certain materials 
melt to liquids with very high viscosity (105 to 10? 
poises)e These liquids may be supercooled sufficiently to 
form a glass instead of crystallizing. Of interest to the 
present study is, of course, that SiO2 is a glass-forming 
oxidee But whether a Liquid cools to form a glass depends 
not only on its composition, but also on the rate of cooling 
which in turn is dependent on the volume considerede Some 
compositions may form a glass at the scale of a few milli- 
grammes, but not at the scale considere,d here Oel-1 g- 

Most rocks can be considered as a mixture of sili- 
ca, alumina, alkali and alkaline-earth oxides, and iron 
oxidee The case of rocks containing significant amounts of 


sulphate, sulphide, phosphate, and carbonaceous matter will 
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be discussed later. Table 15 shows lower limits of silica 


content for glass-formation in some synthetic systemse 


Table 15. Limits of glass forming compositions in silicate 
systems efter Imaoka (1962). 
System Glass-formation range 
(mole % SiO2) 


SiOQog va K20O 100.0 - 45.5 
SiOz - Na2o 100.0 - 42.0 
SiOQ2 - Bao 100-0 - 60.0 
SiOz - Cao 100.0 - 43.3 
SiO2 - MgO 100.0 - 57.5 


> ae Gs ewe a ee ce we ee ee = a SS ee a es ew = SS i a = a 


Ternary systems of the same oxides show silica Limits inter- 
mediate between the two binary systems, sometimes somewhat 
lower (Imeoka and Yamazaki, 1968)-e« Most natural systems con- 
tain alse alumina; it may act as a network former like 
Silica (Al203 < R20) or as both a network former and a net- 
work modifier (Als03 > R20)- Igneous rock compositions 
beyond the glass-forming domain are reached only in ultrama- 
fic rocks (high MgO) and in carbonatites (high CaO, and 
COo2 )e 

Fields of Liquid immiscibiltlity can be observed in 
a number of phase diagrams shown in Levin et ale (1964 and 
1969). Such fields, however, are temperature dependent and 
in most cases are outside natural compositions. 

Some experiments were carried out with iron-rich 


compositions. Compositions with more than 20-25% Fe203 show 
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immiscibility with formation of a silica-rich and an oxide- 
rich liquid, each quenching as a glasse 

| Volatile-rich compositions also present a probleme 
During the preheating stage (12 hours at 1000°C) carbonates 
and sulphides are transformed into oxides! , carbonaceous 
matter burns, and CCso and SOs are eliminated with HoOe 
Phosphates and sulphates are not dissociated at this tem= 
perature but are in the image furnace, especially under 
vacuum as the fusion is normally done; P and S evaporate and 
coat the bell-jar (which is near the sample) decreasing dra- 
stically the irradiance of the sample.e Samples containing 
more than 1-2% of phosphate or sulphate should be melted at 
atmospheric pressure. If more than 4-5% phosphorus is pre- 


sent another melting technique should be usede 
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5e DISCUSSION 


A ADVANTAGES and DISADVANTAGES 


There are a number of significant advantages to 


the technigue outlined: 


1- 


Because the sample forms its own hearth, there are no 
problems of contamination on the one hand, or loss of 
material to the crucible on the other. There does not 
appear to be any vertical compositional gradient, paral- 
leling the temperature gradient; the reason is probably 
the speed of the melting coupled with the mixing effect 
of bubbles streaming out of the melte At the same time, 
cdiffusion in the glass is sufficiently rapid to homo- 
genize ite 

Sample preparation is rapid, at least as rapid as the 
preparation of glass discs for XRF analysis. 

Because dilution of the sample with flux is unnecessary 
in most cases, sensitivity and accuracy are high; 

peak: background ratios are maintained at a maximum. 

Cost of preparation of samples is lowe This can become an 
important factor when large numbers of analyses have to 
be performede 

The volume of glass formed from a 0-5-2.0 g sample is 
statistically representative of the original rock sample 


if it has been powdered to the suggested grain size. 
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6- Cperation of the equipment is very simple and flexible. 
Temperature, vacuum and atmosphere (if required) can all 
be easily controlled. The glasses can be produced by any 
careful person of normal intelligence after a very short 
period of traininge 

J- The energy dispersive technique advocated for the micro- 
probe is extremely rapid compared to conventional wave- 
length dispersive techniques or to standard XRF techni- 
quese It permits the simultaneous analysis of 22 elements 
with an accuracy that is as good as the wavelength and 
XRF techniques in the major and minor element rangese 
Because of the lack of focussing requirements with EDA, 
it is unnecessary to obtain the perfection of polish on 
the mounts that would be required with the fully focus- 
sing crystal spectrometers employed in WDA, and a broadly 
rastered beam can be used to analyse a much larger vo- 


lumee 


The technique also has some disadvantages, most of 
which are related to the direct melting method rather than 
to the technique used. Volatile elements are lost from the 
samplese These include H20, COa2ys Cl,» Fy Sy P (in part), 
probably Pb and possibly other elements in the Pb and S 
groupse The method has certain limits in terms of the compo- 
sitions which can be handlede The furnace is capable of hea- 
ting dark-coloured powders to 1600-1700°C but Light-coloured 


Samples can only be raised to 1400-1500°C. The temperatures 
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could undoubtedly be increasedwith further modifications to 
the optical designe Outside a certain composition range, it 
is difficult or impossible to form a glasse Thus if Al203 + 
SiOo2 < 45%, although a melt can be formed, it cannot be 
quenched before it recrystallizese Hence, glasses cannot be 
prepared by the technique outlined, from ultramafics or from 
carbonate-rich sedimentse [If SiOs + AloOQ3 > 85-90%, the melt 
is very viscous and has a high temperature Liquidus.e 
Silicates with FesoO3 > 20-25% often show immiscibility 
phenomena with the formation of a sitica-rich and an oxide- 
rich liquide If large amounts of phosphorus are present in a 
sample (more than 4-5%), it evaporates in the image furnace 
and coats the silica-glass isolation window, thereby causing 
a reduction in the efficiency of the furnacee A similar 
effect may be expected with sulphate-rich rockse Most of 
these problems can be avoided by the introduction of flux 
(LicoBagO7) in 1:1 to 22:1 ratio with sample, with subsequent 
melting being carried out in aire For the most accurate ana- 
lysis the sample and flux should be weighed. However, in 
most cases, satisfactory accuracy is achieved by assuming 
that the difference between the oxide totals of the elements 
analysed and 100% has the composition of the fluxe Where the 
Fe content is high, it must be catculated partly as Fe203 
and partly as FeO; wet chemical analysis of gtasses, with 
and without flux, have shown that the iron is only partly 


oxydized; about 65% of the total iron is present as Feo203 
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B TIME of SAMPLE PREPARATION 


Time is required to fill the porcelain crucibles 
with samples, to note down their numbers and the number of 
the crucible used and to place them in the muffle furnace 
for sinteringe A batch of 30 to 40 can be done in about 2.5 
hours or less, ieee about 4 minutes per samplee Melting can 
be carried out at the rate of about 4-8 samples/hour, ieee 
about 10 minutes/sample including all manipulationse Further 
time is expended in making epoxy mounts, drilling holes in 
them to take the glass fragments, choosing suitable glass 
grains and mounting theme Overall it takes about 2-3 hours 
for a batch of 30-40 samples, iee€ey about 4.5 
minutes/samplee Polishing times clearly vary according to 
the facilities that are availablee However, we have found 
that 6 mounts (each containing twelve glasses) can be po- 
lished with the expenditure of about 4 h real time during a 
two-day periode Thus, about 3.5 minutes/sample is expended 
in polishing. This gives a total time expended per sample in 
preparation of about 20 minutese The time taken for analysis 
is about & minutes/sample, another 4 minutes are required 
for data manipulation and perhaps 3 minutes for computer 


reductione 
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Cc COST 


The cost of building the equipment we have itlus- 
trated here was about $3,000, (1974 dollars), ieee the same 
as half a dozen platinum crucible for flux meltinge However, 
a significant portion of this figure was taken up by experi- 
mental versions and the cost of rebuilding on the final pat- 
tern would be closer to $2,000. The cost of production 
would, of course, be considerably reduced if the equipment 
was built in quantity rather than a one-off basise 

The porcelain crucibles cost around 30¢ each and 
can be used 5-10 timese The lamp costs about $50 with an 
average rated life of 350 h (with a longer life if used at 
less than 120 volts). An average of 6 samples/hour gives a 
cost/sample of about 2.-5¢. The cost of materials for moun- 
ting and polishing is difficult to estimatee However, it is 
probably of the order of S50¢/sample, giving a total cost in 
materials of about 60¢/samplee Thus the total costs of pre- 
paration including labour and materials is probably less 
than $3/samplee 

The computing costs per sample are about $1.50 
(for an average silicate rock)e Using round figures of 
$100/hour for microprobe costs, each sample costs about 
$16.50 to analysee Thus the total cost of obtaining a fully 
quantitative analysis for 22 elements is close to 
$20/sample, provided always that the samples are run in 


batches of sufficient quantitye 
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D ANALYTICAL RESULTS 


Table 16 lists energy dispersive electron micro- 
probe analyses of glasses made in the image furnace, using 
the procedure outlined above, and the corresponding known 
compositionse 

Mg, and to a lesser extent Na, are low on most 
microprobe analyses due to build-up of an oil film on the 
detector window during the period in which these glasses 
were analysed (this problem was corrected subsequently )e 

The analyses of standard samples (T-1, BCR-1, AVG- 
1) show good agreement with the "best" or "usable values", 
and there is no significant variation from glass to glass 
and from one spot to another on the same glasse There is no 
detectable loss of Na or Ky, as expected from the discussion 
abovee 

In the case of sample R145, it is difficult to 
decide which of the three analyses is best (wet chemicai, X- 
ray fluorescence, or microprobe).e Samples H42 and R182 are 
examples of extreme compositions (aluminous and ultramafic 
respectively). Again there is no significant difference be- 
tween the two glasses of each samplee Sample R184 shows that 
rocks containing refractory minerals, such as spinel or gar- 


net, can be melted completely without forming inhomogenei- 


tiese 
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62 CONCLUSIONS 


Direct melting of powdered rock samples with an 
image furnace, using the procedure outlined above, is a 
rapid and low-cost method of preparing samples for micro- 
probe analysis. The method is applicable to a broad spectrum 
of compositionse In fact, aside from some extreme compcsi- 
tions, the Limit of the method is only the glass-forming 
ability of the rocks themselvese Where this Limit is 
reached, mixing at 1:1 by volume of LioB4gO7 and powdered 
sample enables direct melting (at atmospheric pressure). The 
analytical results agree well with known compositions and 
demonstrate the inter- and intra-glass homogeneity of a 
variety of compositions, including refractory mineral- 
bearing rockse 

Combining direct melting of rock samples with the 
energy dispersive capability of an electron microprobe and a 
suitable data processing programme, results ina method of 
whole-rock analysis that compares favourably, in speed and 
quality of analysis of major elements, with other modern 


methods, such as X-ray fluorescence analysise 
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Table 16. Comparison between "known composition" and elec 
tron microprobe analyses of glasses produced from a variety 
of rock types with the image furnacee All analyses are reca- 
lculated to 100%, volatile-freee Microprobe analyses were 
made using one 400 s count with scanning set at 300 x 250 
micronSe 


ee ew ew ew ee Ge Se es ee ee ee a se ee a ea oe eo 


T-1 tonalite 


"Best Glass A@ Glass B 
values"! 13 2 3 1 2 
Si 29-71 30.30 30.00 29.76 29.94 29.57 
Ti 0.36 0.38 0.35 0.42 0.44 0.39 
Al &.80 9.17 $.08 8.91 8.94 9.25 
Fe 4.21 4.57 4.46 4.38 4.32 4.54 
Mn 0.08 0.08 Oe 06 0.07 0.06 0.07 
Mg 12.14 0.93 0.92 0-88 0.86 0.93 
Ca 3-70 386 3-82 3278 3272 3.91 
Na Jel 3e25 3-38 3e27 3<e51 3-34 
K 1.04 1-01 1.01 0.99 0.95 0.94 
AVG-1 andesite BCR-1 basalt 
"Usable Glass Glass Glass "Usable Glass Glass Glass 
values"* A B Cc values" A B Cc 
Si 28.29 28.58 28-72 28-63 25-90 26-20 26-10 26.11 
Ti 0.64 0.59 0.61 0.66 1.34 1.37 1.31 1.36 
Al 9.24 9.34 9.33 9.31 7232 7238 7234 7230 
Mn 0.08 0.04 = = 0.15 0.05 0.09 0.09 
Mg 0.95 0.59 0.59 0.59 2-13 1.62 hei2 1.63 
Ca 3262 3256 3e52 3e53 5-04 4.96 5-06 4.98 
Na 3-224 3213 3-02 3.03 2.46 2-28 2-30 2-46 
K 2047 2 49 2249 2 DZ 1.41 1.44 1.38 1.40 


R145 rhyolite 


Wet X RF © Glass A Glass B 

cheme°> 1 2 1 2 
Si 32609 33-88 32-73 32.58 32652 32.47 
Ti 0.24 0.20 0.21 0.23 0.23 0.25 
Al 8.69 7218 8.66 8-67 8.64 8-62 
Fe 2-090 1.81 212 2-11 2023 2-19 
Mn 0.03 0-03 al ress oa = 
Mg 1.00 0.72 0.91 0.88 0. 86 0.87 
Ca 3-07 2-70 3221 3-20 3-20 3-19 
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Table 16-64 Cont'deee 


PLP LLLP LLL we we we we we we we ww ws we ww ww ws ww ww ww ee ow ee oe 


DS/An39 Antrim basalt? R182 ultramafic 
Wet Glass A Glass B Wet Glass Glass 
cheme ® 1 2 1 2 chem. 8 A B 
Si 24.94 24.23 24.31 24.29 24.71 20.35 20.34 20.39 
Ti 0263 0.60 0.58 0.71 0.64 0.36 0.47 0.43 
Al 7-91 7274 7-78 7272 7-89 2-99 2-79 2.64 
Fe 7278 9.06 8.89 8.66 8.77 11.09 12.93 12.14 
Mn 0.13 0.14 0.15 0.16 0.13 0.14 0.17 0.12 
Me 3-85 3-63 3262 3242 30-47 18.274 17.57 17.63 
Ca 7-65 7258 72590 1244 TeSt 1-85 2<42 2-28 
Na 1-78 1.79 1-86 1.39 1.90 0.44 0.23 0.10 
K 0.61 0.61 0.61 0.59 0.60 0.43 0.40 0.39 
Cr = - - =- - - 0.29 0.28 
Ni = - - - - - 0.22 0.20 
H42 metabentonite? R184 gneiss!9 
Wet Glass A Glass B Wet Glass Glass 
chemet! 1 2 1 cheme A B 
Si 28-34 29.16 28.97 28.91 29.81 30.48 30.10 
Ha | 0.19 0.14 0.21 0.23 0.45 0-35 0.43 
Al 12.96 12.22 12.25 12.07 10-74 10.99 11.09 
Fe 0.83 1.47 1.50 1.52 4.60 4.85 4.92 
Mn = = = = 0.02 = - 
Mg 2.85 2-20 2621 2-21 1.39 1.12 1.16 
Ca 0-43 1.25 1.21 1.24 0.54 0.55 0.55 
Na CG.09 _- = = 1.39 1.24 1.23 
K 6-59 6276 6-75 6259 3.38 3.55 3-50 


ee ee a we we we ww ew we ws w= ww ww we i i OS SO OG OO SS OS OO OOS OS BOO! OS OO ODO DO OOO = 


1: "Best values" as per Abbey (1972). 

2: Glasses A and B are made with the image furnace, glass C 
is made by Roeddere 

3: 1, 2, and 3 are analyses of the same glass on different 
spotse 

4: "Usable values" as per Abbey (1972). 

5: Wet chemical analysis: Ae Stelmach, analyst. 

6: X-ray fluorescence analysis at University of Durham. 

72: Wet chemical analysis and glass analyses on different 
samplese 

8: Wet chemical analysis: Ae Stelmach, analyst; not of same 
sample as glassese 

9:2 AePele reference claye 

10: Garnet-cordierite-spinel gneiss. 

11; Analysis from AePelee 
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APPENDIX II 


ANALYTICAL TECHNIQUES 


1. ELECTRON MICROPROBE 


The electron microprobe was used intensively to 
analyse minerals and whole-rockse A fully quantitative 
energy dispersive method was used in most casese Some of the 
plagioclases were analysed by a rapid method described in 
the next sectione The fully quantitative method, very simi- 
lar to that outlined by Smith and Gold (1976) analyses for 
ma jor and minor elements from Na to Zn, plus Zr and Bae Thus 
22 elements are determined simultaneously and automatically. 
The analytical conditions were: 

- excitation voltage: 15 kV; 

- beem current (aperture current): 0.33 x 10-© ampere; 

-—- a correction is applied for drift in beam current/probe 
current ratio by taking calibration measurements with a 
Faraday cage every 1 to 2 hours; 


- counting time: 400 s;3 
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- the courting time is electronically ajusted for dead time 
and counting losses associated with the pile-up rejection 
system (Smith, 1976, pe.78-80)3 

- the beam was focussed or scanning, (from 16 x 16 to 600 x 


400 microns) depending on the object analysed. 


The data (cumulated counts, "true counting time 
etceee) were accumulated on cassette tapes for the standards 
and the samples, and processed with a FORTRAN IV programme 
(EDATA ), which applies all necessary corrections for back- 
ground, overlap, escape peak, drift, as well as ZAF effectse 

With a system analysing simultaneously for 22 ele- 
ments a problem of standards arisese Although EDATA has a 
default standard option it would be desirable to accumulate 
counts on standards for every element at each rune In order 
to avoid counting on many standards at each run, and lose, 
thus, some of the advantage of this method of analysis, ra- 
pidity, an attempt has been made to produce two glasses con- 
taining together the 22 elements; the amount of each element 
in the glasses is sufficient to decrease the statistical 
error, on counts cumulated for 400 s, to a negligeable 
levele Because of the lack of adequate equipment at the time 
this was done, the two glasses produced were found to be 
somewhat inhomogenecus and contaminatede A specific area of 
each glass was carefully and repeatedly analysed and the 
glass subsequently used as secondary standard. Table 17 


lists their compositione Mineral standards were used on some 
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occasions to increase the reliability of the results (garnet 


and biotite analyses). 


Table 17. 
oxide and e 


Standard 108 


cxide 


Al 25.044 
Si 42.604 


K 0.048 
Ca 12.941 
Vv 0.809 
Mn 2.801 
Co 1.665 

u 1.715 
zr 0.878 
Ba 1.897 
O / 


* standard deviation: 


** FesoO3z = 
percente 


le me nt 5 


SeDe* 


0.070 
0.068 
0-098 
/ 
0.052 
0.026 
0-028 
0.016 
0.051 
0.045 
0.063 
/ 


9.08435 


in each standard, 
used are underlined. 


element 


7212 
13-626 
19.92 

0. 04 

9-25 

0-55 

2017 

1.31 

137 

0.65 

1-70 
42-66 


n = 14 
FeO = 2.54035 


Standard 109 


oxide 


Na 0.198 
Mg 232333 
Al 1.498 
Si 49.157 


K 5.377 
Ca 0-088 
i We | 3e555 
Cr 1.278 
Fex* / 

Co 0.041 
Ni 1.233 
Zn 2.618 
re) / 
SeDe = 


Composition of glass standards in weight percent 
the elements which were 


element 


0.15 
14-07 
0.79 
22-98 
4-46 
0-06 
2013 
0-87 
8e34 
0-03 
0.97 
2210 
43.05 


0-050 on total oxide 


Several methods of locating analytical points were 


triede The most efficient method is to examine the polished 


thin section with a microscope equipped for transmitted as 


well as reflected light, 


choose an area of interest, 


draw a 


line with india Ink from the edge of the section to this 


area and take a rfhotomicrograph (x 50, for example) in ref- 


lected light including the end of this linee This can be 


done before or after carbon-coatinge 


It is advantageous to 


ee 1 Oe AEA sok) MM EA: ne cL 
ee 1 bi aie ae v2 mt Saunt, 
, a aa ye! thie 
| Mee, TR on ate: ey) Roy) Beri 
treating ) etivoacsy ate to atts betattat) ed? @ , hos 


| “a 

a , on het pwn a aa ee 

teeotsa Pog tow ot soy ab rate para Ss to ekit incaacd Po oe 

eaw i 2 (iw ative ete:. ait? sacar iain gd Asad nk ttre ols baa ot 
oN she ai ts ebay ota 


Ls: hy thd) allem alan gl ll ate Ally, ies Neen jiiagihedhliy Shae won 3s ins dr te limp . 


Mt breboate | #0 br shasta 
tinagotls” -ttia oh xa rt ‘sass Ie rey 
Be Toe J . { JI Ae 


a3 : BEES” av Sher ord.0 | 
TH shyt Pagud ECELEL all doeRD) § 846060 deo eRe 
er. °  SAO.D BGR. tA COs2r 820.0 b0a0GR TF 
2.90  SebvOo TRAP O / ge soe es RO: af, 
dhe} 149.0 VYE.2 a @£.0 RE0+0 rhe.Sh 
aad , \ 82020 aD: i 23.0 “ALO. O = 
Bt ek bbOs0 B4a.6  2& Tish 450,0 OB. | 

Ts.0 UL OG» G AN | G34 Mak aF060 233s 4 
hia \ \ eget TBah PRO.0 Biv ek 

a0 \ - bbOae 22 Re) OO BNE 


oe 
7 
a 


Ts.0 Coat ees wl pan } Ot of C70. fa Tea ef) 
18 af bt Hed BLAeR on OER se beac ie, Ree LON 
202 Gb \ ‘ 9 pyc | a mcm? 


‘ et 'alFareot 
ry hee fated ue O20<0-= oO 98) 1b2 * ven REID 1A 
\ ’ 
om om sme a at omy ae ce nena ne niente et ie 


’ } Se ¥, 
, ay an a > ; 
oraw af Alog lagt eens: Bnayaa0F Sd howto ‘Jousve® 
? 
bodetleq eff aaiuexe as ot! bod tea ‘Fos Tointe tsow ‘oat’ de! 
a * f av’ 
#4 pet? laakans to? peadibnos oqoseora ia a wtie nottoos att 
ero.’ og tere 
ow 


# waerh isha * nets ae savoita idbenssied be hladitonan bene 
| fie Pe Ce seco i. ae ie 
eidy ot molt owe Ber ‘te | es ont wore ae tied athe asa 
; yo 2h ty et 7 Ce LAL. bs 
tat sl (sfowsxe tok —OR x? Aauruora Hear od 5 oXat bas ‘i 
; a is dada Seal 
ed nap elat ennds eke te baw: at sdf wal ie preci) alll | 


y eieag Gey! ig Min ct niin os bi va ' Men 7 ihe aes ii oe rT - ; 
ot elie aah itll at or vant? * By ae snoted yess hs 
| i » i a ay * wT 


/ ty ; ’ i ‘ ice j i 
are | d has Al * oan 
me A rs ee , ide : i 


323 


use a Polaroidg@ camera and be able to mark immediatly on the 
photo the points to analysee 

The quality of the analyses is difficult to judge 
accuratelye It depends upon many parameters: data process- 
ing, choice of standards, stability of operating conditions 
and operator's care in monitoring these conditions, in par- 
ticular the beam current/probe current ratio, quality of 
carbon coating, absence of contamination of the excited vo- 
lumee 

The quality of the results obtainable with the 
EDATA programme is demonstrated in Smith and Gold (1976) and 
need not be discussed hereée 

The standards used were the glass standards (see 
table above) or minerals chosen, from those available in the 
electron microprobe laboratory, on the basis Pe noan ade-> 
quacy for the analyses done and the reliability of their 
compositione 

Stability of operating conditions (excitation vol- 
tage) was monitored continously during analyses or at inter- 
vals of 1 to 2 hours (beam current/probe current ratio) by 
making calibrations with a Faraday cageéee 

The quality of carbon coating and its reproducibi- 
lity were assured by thorough cleaning of the polished thin 
sections before coating, the use of a hard vacuum, coating 
to a constant conductivity on a test glass plate, and by 
verifying the conductivity of the sections after coatinge 


Contamination of the excited volume is of little 
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concern in whcle-rock analysis because of the size of the 
glass chips; in mineral analysis such a contamination can be 
detected by comparing the structural formulae calculated 
with the theoretical one. Some analyses were discarded on 
that basise 

Mg, and to a lesser extent Na, were found to be 
systematically low; the reason was a build-up of oil on the 
detector window.! In most cases this error could be consi- 
dered negligeablee Garnet analyses done before correction of 
the above problem were corrected empirically by adding 0.3% 
MgO to the analysis because the error on MgO significantly 
affected the temperature calculated by the biotite-garnet 
thermometere The figure of 0.3% was obtained from comparison 
of a series of rocks, analysed during that period with their 


X-ray fluorescence analyseSse 


APID ANA Is PLAGITLOCLASE 


The composition of plagioclase in fine-grained 
metabasites of the greenschist and lower amphibolite facies 
is often difficult to determine by optical methods because 
of the small size of the grains and the common absence of 
twinning and cleavagee An alternative rapid method is desir- 


1 this problem was corrected subsequently 
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able. 

Because plagioclase can be considered as a simple 
solid solution series between albite and anorthite (the K 
content is generally small in low grade metamorphic 
plagioclase), ZAF corrections can be avoided.e It is also 
unnecessary to subtract the background because it varies 
continuously as the average atomic number increasese 

An electron microprobe equipped for energy disper- 
Sive analysis is used to record and output the total number 
of counts for the energy ranges corresponding to the Ka 
lines of Na, Al, Si, and Cae In the present case an ARL EMX 
electron microprobe, equipped with an ORTEC energy disper- 
sive analyser recording X-ray pulses on 1024 channels (0 to 
10,240 eV) was usede The analytical conditions were: 

- excitation voltage: 15kV;5 

- beam current! : 0633 x 10~© ampere; 

- counting 'time' based on fixed integrated beam current: 
1x105 (2300 s) for standards and 3x10* (=100 s) for 
samples 3 

- the counting period has been electronically adjusted for 
dead-time and counting losses associated with the pile-up 


rejection system (Smithy 1976 p 78-83 ). 


Total counts (peak + continuum) were integrated over the 


following regions of interest: channels 94 to 112 eV for Na, 


1 terminology as in Rucklidge (1976) 
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140 to 157 eV for Al, 162 to 186 eV for Si, and 357 to 381 
eV for Cae The ratio of beam current to probe current is 
measured before and after recording the counts for the stan- 
dards and at intervals of 1 to 2 hours thereaftere The re- 
corded counts are then recalculated to a constant beam 
current/probe current ratio.e The recorded X-ray spectrum 
should be monitored for any peak shift (Smith, 1976, p 90- 
91) through the analytical run as correction could not 
easily be made for this. 

A set of calibration curves, one each for Nay, Al, 
Si,» and Ca, are made, using plagioclases of known composi- 
tion or, as here, a set of synthetic glasses of composition 
Angy Afizo,s Anagosy Aneosr ANgoyr and Anioo (Fige 74)-¢ The counts 
obtained on each sample point for Na, Aly, Siy and Ca are 
compared with the calibration curves to yield four An-values 
which are then averagede Because of low count rate, the Ca 
and the Ne an value are of little significance near the 
sodic and calcic end-member composition respectivelye These 
calibration curves are valid only if no elements other than 
Na, Al, Si, and Ca are present in significant amounte 
Working with fine-grained rocks increases the probability of 
contamination of the excited volume by minerals other than 
plagioclase, below the polished surfacee This can be veri- 
fied by monitcring each recorded spectrum on the CRT disp- 
ley. Contamination of the excited volume by ferro-magnesian 
minerals and iron-rich epidote are thus easily detected. A 


small Fe-Ka peak will generally be present when working with 
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Si Al 


100 000 


c/s 


percent AN: 0 10 20 30 4 50 60 70 80 90 {00 


Fig. 74. Example of calibration curves for rapid analysis of plagioclase: 
total counts per region of interest for 3x10% integrated beam current, 


0.107 probe current/beam current ratio, 0.33x10-6A beam current, and 
15 KeV excitation voltage. 
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metabasites due to the addition of counts from the iron nor- 
mally present in the feldspars to these from the ‘corona? 
(Smith, 1976; p.102) of the electron beame 

In cases where the four An-values do not fall 
within a narrow range (42% An), it is generally easy to re- 
cognize the cause of the discrepancy using the four varia- 
blese 

If a focussed beam is used, sodium will tend to be 
mobilized resulting in lower Na counts$3 similar Al, Si, and 
Ca An-values anda high Na An-value may be diagnosed as 
sodium mobilization and averaging the Al, Si, and Ca An- 
value wilt minimize the errore Use of beam scanning over an 
area of 20 x 20 to 40 x 40 microns is recommended for sodic 
plagioclasese 

Contamination of the excited volume by quartz re- 
sults in higher Si counts: similar Na, Al, and Ca An-values 
and a lower Si An-valuee The average of the Na, Al, and Ca 
An-vealue will be close to the actual value if the contamina- 
tion is not too largee 

If contamination by epidote occurs, Little can be 
done but reanalyze, except in the simplest case of compesi- 
tions neer the albite and clinozoisite end-member where the 
Si An-value will be closest to the actual An content. This 
last case may be diagnosed by the An-values having the fol- 
lowing order: 

Ca > Na > Al > Sie 


Contamination by calcite or apatite are recogni- 
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zable by high Ca An-value and similar Na, Al, Si An-value. 

A precision of +2% An or better should be obtained 
using this methode A counting time of 100 s gives a number 
of counts sufficient for the precision to be expected from 
this methode One can therefore carry out 50 to 100 analyses 
per day, depending on the time required to locate a new ana- 
lysis point, change sample etceee An equivalent time is 
usually required to process the recorded datae This couid 
easily be reduced by computer processing: standardize the 
data to a constant beam current/probe current ratio, caicu- 
late best fit curves for the Na, Al, Si, and Ca An-values of 
the standards, from this, calculate the Na, Al, Si, and Ca 
An-value for each analysise 

This method can also be used for alkali feldspar 
by making a calibration curve for KAlSiz0g-NaAlSi3z0g- Here, 
however, only the K and Na curve can be used to determine 
the Ab/Or ratio; the Si and Al witl show Little variation, 
but can serve as a check for ccontaminatione Extension of the 
method to ternary feldspars is possible but would require 
computer data handling for the method to remain convenient 
and rapide 

Table 18 compares known An contents of plagioclase 
with rapid analysis resultse Only sample 23 shows a signifi- 
cant difference (21 to 25)e The points analysed in WDA were 


different and this may explain the difference in result. 
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Table 18. Comparison of rapid analysis with fully quanti ta- 
tive analysise 


LL LOL SS SS SS Oe © ee we OS GS OO OO SO OO OS OOO = 


fully—- rapid analysis 
quantitative 


_— SS SS 8 OS OS OS OO es = 


An Na Al Si Ca Average 
An An An An An 
23 point 1 211 26 26 24 26 25-5 
23 point 2 23 28 24 26 25.0 
EP/S11-2 7562 77 74 715 716 75-5 
639-17 03 -2 1 0 0 0 


1 energy dispersive analysis 

2 wet chemical analysis, Carmichael, Unive of California 
3 wavelength dispersive analysis, electron microprobe 
laboratory, Unive of Alberta 


ee we mw ow we sw ew ee se ee a Se se a ew we = ww we = 


A CHEMISTRY 


1/ Rubidium 


An emount of sample estimated to contain 20 micro- 
grammes of Rb, but not exceeding 1-5 g, is accurately 
weighed into a 50 ml platinum dishe Vapour distilled HF (5 
ml), demineralized distilled water (5 ml), and concentrated 
Ho SO, (5 drops) are added and the whole left on a hot plate 
for several hours to decompose the samplee About 20 micro- 
grammes of almost pure ®%’Rb spike is added and equilibrated 
for 2 or more hours with the sample, which is then eva- 
porated to dryness and ignited at 900°C for 30 mn to elimi- 


nate the excess H2SO4 and produce oxides and insoluble sul- 
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phates of all constituents, except Mg and the alkalise The 
residue is leached with water; the leachate is transferred 
to a 2 mt centrifuge tube with a capillary tube and 1-4 
drops of ‘suprapure’! concentrated HClOqg added to precipitate 
the potassium and rubidium as perchloratese After centrifu- 
gation, the supernatant Liquid is poured off as completely 
as possible, the precipitate washed quickly once with water 
and then dissolved in 1-3 drops of water in preparation for 


mass spectrometric analysise 


An amount of sample estimated to contain about 20 
microgrammes of normal Sr, but not exceeding 1 g, is accura- 
tely weighed into a 100 ml teflon beaker, 10 ml each of 
vapour distilled concentrated HNO3 and HF addede The covered 
teflon beaker is set on a hot plate for about 2 hours, or 
until the sample is decomposed, then evaporated to dryness 
at 120°Ce The residue is moistened with 1/2 ml water (dis- 
tilled, demineralized); a spike consisting of almost pure 
84Sr is added, followed by 10 ml of 1:1 HNO3 and a few ml of 
watere The beaker is set on a hot plate for one hour, then 
the solution evaporated to dryness at 140°C. The residue is 
moistened with 1 ml of water, 10 ml of 1:1 HNO3 added, and 
the solution stirred and heated quickly to begin dissolu- 
tion; 10 ml of water are added and the beaker covered and 
heated for several hours to insure equilibration and disso- 


lutione The cover is then removed and the solution eva- 
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porated down to about 5 mle 

This solution is transferred to a 1-5 ml centri- 
fuge tube and centrifugede The supernatant Liquid is trans- 
ferred to a 20 ml beaker, the centrifuge tube cleaned of the 
solids by rinsing with water, and the sotution poured back 
into the centrifuge tubee One to three drops of strontium- 
free BaClo solution (about 10 mg total Ba) are added. 
Ba(NO3 )o is precipitated by adding 95*% HNOgz, and strontium 
coprecipitates with the Ba(NO3)o-. The solution is heated and 
cooled to dissolve and reprecipitatee The precipitate is 
left to sit overnight, then centrifugede The supernatant 
Liquid is poured off, the precipitate transferred to a 3 ml 
centrifuge tube using concentrated HNO3 to rinse ite [t is 
centrifuged again and the supernatant Liquid poured offe The 
precipitate is washed with concentrated HNO3 and the super- 
natant Liquid poured off as completely as possiblee A drop 
of water and 1ml 2-5 N HCL are added and the precipitate is 
dissolwed by heatinge 

The sample solution is transferred to a precali- 
brated 1x18 cm cation exchange column containing Dowexg@ SOW- 
X8 (200-400 mesh) resine Elution is done with 2-5 N HCl and 
a 20 ml fraction (situated between about 5 and 75 ml) con- 
taining the strontium is collectede The solution is eva- 
porated and the residue stored in a covered 20 ml beaker in 


preparation for mass spectrometric analysis. 
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B MASS SPECTROMETRY 


Both the rubidium solution and the strontium solu- 
tion were loaded on tantalum filamentse These filaments are 
degassed before loading by heating them in vacuum for about 
2 hours with a current of 4-4.5 A (resulting in a filament 
temperature of about 1500°C). To load the filament, it is 
first oxidized hy briefly bringing it to red heat in air, 
then the solution (of Rb or Sr) is loaded drop by drop onto 
the filament and evaporated under a heat lampe Rb is treated 
with HoSOq to convert it to sulphate and Sr with HClO, to 
convert it ultimately to oxidee Both the Rb and Sr were ana- 
lysed using single filamentse 

A 6" radius of curvature, 60° sector, single fo- 
cussing solid source mass spectrometer, equipped with a CARY 
31 vibrating reed amplifier with a 1011 ohm resistor, de- 
Signed and built by Dre GeLe Cumming of the Department of 
Physics, University of Alberta, was usede This spectrometer 
is equipped with peak-switching facility and chart and digi- 
tal outpute The rubidium was analyzed by surface ionization 
of the Te filament using a 1e3 A filament current anda 3-5 
kV accelerating voltagee The 87/85 ratio was measured by 
peak-switchinge Ranges of closely linear peaks were chosen 
on the chart output and running means of the isotopic ratio 
calculated from the digital output. Where a progressive in- 
crease in the mean 87/85 ratio of each range with time could 


be observed in a run, the first mean 87/85 ratio was used, 
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assuming it hed the least mass discriminatione If not, an 
average was taken of the various ratiose 

The strontium analyses were done by He Baadsgaard 
on a Vacuum Generators Micromass 30 spectrometere It is a 
12" radius of curvature, 90° sector, single collecting solid 
source instrument, with an on-line Hewlett-Packard computere 
The Sr 86/88, 87/86, and 84/86 ratios were measured by peak- 
switchinge A 2-6-3-4 A filament current and a 8.0 KV acce- 
lerating voltage were usede The mean ratios in this case 
were not calculated by the on-line computer but by hande 

The mass spectrometric data (ieee Rb 87/853 Sr 
86/88, 87/86, 84/86) and the chemical data (ieee sample 
weight used for Rb and for Sr, amount of 8’Rb and ®5Rb in 
the Rb spike and of %*Sr, ®6Sr, ®’Sr, %88Sr in the Sr spike) 
were processed using the APL programme RBSRCOM written by He 
Baadsgarde The programme calculates ppm Rb, ppm Sr, ppm 
87or%x, S7RH/86Sr, 87Sr/8SSr, and a factor of mass discri- 
mination of the Sr analysise A ratio of 2.541 for ®5Rb/®7Rb 


is used to calculate ppm Rb and ®6Sr/®8Sr is normalized to 


The errors on the results are estimated to be 2% 


for ®7Rpb/®6sr and 0.1% for ®’Sr/®°Sr. 
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APPENDIX III 


DATA HANDLING AND COMPUTER USE 


Extensive use of computer facilities was made in 
the following fields: structural study, biotite-garnet ther- 
mometer, isochron and age calculation in geochronology, thin 
section description, processing of the electron microprobe 
analyses not only for the processing of the raw data, but 
also to store the analyses and effect various calculations 
on theme 

The use of the computer for the structural study 
and for the development of the biotite-garnet thermometer 
has been described in chapters III and IV respectively, the 
use in geochronology is mentioned in appendix II, and no 
more. will be said here about these applications. 

Thin section descriptions were stored in short 
form ina file, together with information on the geographi- 
cal and stratigraghic location of the sample (see Appendix 
IV). Four programmes were written by Ce Gold to use this 


file: 


- TEST searches the file and extracts sets of numbers of 
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samples with a given characteristic: presence of a 
mineral in a given percentage range, rock type, formation 
etCcece 

- COMPAR uses the above sets to produce sub-sets with cer- 
tain characteristics; coexistence or nen-coexistence of 
two or more minerals for example. 

- PRINT lists the heading line or the total entry for the 
samples of a sete 

- PLOT produces maps of sample points corresponding to a 


sete 


The programme EDATA (electron microprobe data pro- 
cessing) prints the weight percent of elements for each ana- 
lysis, in addition to information on corrections etceee It 
can also list the weight percent element in a line file, one 
line per analysis with the format 30F8.3 (The 8 first spaces 
are empty and can be used to add H20,y CO2 etceee Je 
Programmes were written which use such line files as input. 

CONVOX calculates weight percent oxides and is 
used mainly with whole-rock analysese Fe is calculated as 
FeO, but provision is made for calculating part or all Fe as 
Fe203 and for adding H20t and CO2- 

FORMU calculates structural formulae and weight 
percent oxides for minerals on the basis of specified number 
of anions. The oxides can be calculated to a total of 100% 
or to any other total. Both of these programmes produce an 


output in tabular form (10 analyses per page) and in line 
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form for storing or futher manipulatione For example the 
line file output of CONVOX was used in a norm calculation 
programme (an input modified version of IRVINE, written by 
Ce Gold). 

Finally, the system's programme *FMT was used to 
produce the thesise This was done partly using terminats at 
the University of Alberta, partly using terminals in 
Montreal, at Centennial College and at Ecole Polytechnique, 
connected to the University of Alberta computer through 
DATAPAC, a national shared data packet switching network 
managed by the Computer Communications Group of Trans Canada 
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APPENDIX IV 


DATA TABLES 


OTES. to the TABLE THI ECTI DESCRIPTIONS 


This table is a computer file containing short 
thin section descriptionse It was produced as a computer 
file in order to retrieve rapidly certain portions of the 
information: list samples with a given assemblage, those 
with a given amount of a certain mineral, list samples from 
a given part of the map area or from a given formation, plot 
samples on a map etceee This is done by means of four pro- 
grammes TEST, COMPAR, PRINT, and PLOT, which are described 
in the previous sectione 

Fach entry consists of a heading line followed by 
1-2 lines listing the minerals and their percentage. Each 
line of an entry starts with the sample number. The heading 
line follows with the field sample number (initial, traverse 
number, outcrop number), coordinates, formation, rock typee 


The coordinates are Transverse Universal Mercator 
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coordinates of zone 18, given in hundreds of metres and with 


10 km added to the northing. 


Example: 207 178 correspond to 6220700m 6807800m. 


This change in scale simplified the use of the plotting pro- 
eEramme e 
The formations are coded as follows: 
1- East of 72°25*: 
E 1 Archean 
A gneiss 
B amphibolite 
C miscellaneous 
E22 Early Aphebian 
A diabase 
B regolith 
Aphebian 
E 3 iron formation 
E 4 pelites and psammites 
E 5S basic rocks and serpentinites 
E 6 dolomites and calc-schists 
E 7 petites and para-amphibolites 
E 8 quartzite and quartz-schists 
E 2 orthoamphibctlites 
F10 quartz-schists, quartzites, pelites 
(includes felsic tuffs) 


F11 sills (gabbro, pyroxenite, peridotite ). 
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2- West of 72°25! 


north flank of geosyncline (North of Monts Lune). 


Wi1 Archean 

A gneiss 

B amphibolite 
W2 Early Aphebian 

A diabase 

B regolith 
Aphebian 
W 3 Iron Group 
W 4 Pelitic Group 
W 5S Voelcano-Sedimentary Group 
W 6 Lower Volcanic Group 
W 7 Upper Volcanic Group 
ws 

The rock types 

AMP amphibolite TFB 
SCT schist (pelitic) TFI 
GNS gneiss FLS 
ACT actinolitite AGL 
CIP marble UM 
CST calc-schist IF 
COR hornfels CGL 
DIA diabase ss 
MBT basalt GWK 
MBG gabbro RGL 

basite (undefined) xx 


MBX 


are coded as follows: 


basic tuff 
intermediate tuff 
felsic tuff (felsite) 
agglomerate 
ultramafic rocks 

iron formation 
conglomerate 
sandstone 

g@rauwacke 

regolith 


undefined rock 
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The second and third Line ef each entry list the 


mineral present (FORMAT A4) and its percentage (FORMAT 


F3el de 


el 


5 


ee) 


7 


QZ 


FP 


MICR 


AB 


OLIG 


AN 


SCAP 


BIOT 


MUSC 


PHLO 


PARG 


MICA 


percentage not determined or included with another 


minerals; this was often used fer quartz and plagio- 


clase in metabasites where the grains were small and 


follows: 
cordierite 
staurolite 
andalusite 
tourmaline 
zircon 
sphene 
rutile 
spinel 
apatite 
accessory minerals 


alteration mineral 


The decimal value is used as follows: 
trace 
tess than 1% but more than trace 
difficult to distinguish 
maybe present 
in special position (vein etceece )eo 
The minerals are coded as 
quartz CORD 
feldspar STAU 
microline AND 
albite TURM 
oligoclase ZIRC 
plagioclase (An>40) SPH 
scapolite RUTI 
biotite SPIN 
muscovite AP 
phlogopite ACCS 
paragonite ALTR 
MRAD 


mica 


radioactive ACCS 


Ie vy 
; ; ay i 
i 12'S Hy x 
: H 7, re 
‘oa +) iy 
stad, 
hie ee wees 8 aa 
i a Pi ny ; me i 
ie Alin 
i) iy Sats ia ru ay a 
ry 7 
ay e i» a 


ae : 
a 
ett rene “ntie dose Ta “oath ia 


(hROD) egetowored aft bom Cha | as tO 
tewolJot es hea el 6 

<eaPous Ad tw pened sat “Pot ben Loreal tea pom? 
-olgeta bas steep cok neat astro. ow aan jrénendan! 
vee 5 deme anew enlist, odt orenw: ‘aot Laitinen aa canto 
am ugaittnth: ot Ft snait  F 

0) hanensr ecvean ae 

Chane ee sobranei Satooam ok 7% 
, f iy. aa he, Fa iine ) “gph Pa 


‘ 


cami tar. as hebeod cae ssaeial ott : i 
otinetarog: HOO — » f , nets a 
ot isoxvare’ oars Mi | 
et bos Since: aa my on 
eadesalinasit? nao) 7 | 


ii 2: : 
anotts, /O5T8 ine a i oantawat to: 


wage) ae fae 
ph iteay xrual ae 


SPs 


an a “ eae 


Cia: 


i 


one ar: f ; 4 


STIL 


TALC 


SERP 


CHEQ 


CHFE 


CHMG 


CHLR 


OPX 


CPX 


AMPH 


ANTH 


CUMM 


TREM 


ACT 


HORN 


OL 


EP 


ZOIS 


GRNA 


stilpnomelane 

talc 

serpentine 

chlorite (Fe=Mg) 
chlorite (Fe>Mg) 
chlorite (Fe<Mg) 
chlorite 
orthopyroxene 
clinopyroxene 
amphibole 
anthophyllite-gedrite 
cummingtonite-grunerite 
tremolite 

actinolite 

hornblende 

olivine 

epidote 

zoisi te 


garnet 


ALL 


CARB 


cc 


CARX 


DOL 


SID 


INCO 


OP 


SULF 


GRPH 


MT 


ILM 


PO 


PY 


PN 


CPY 


GA 


SP 


HEM 
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allanite 
carbonate 
caicite 

second carbonate? 
dolomite 
siderite 
unknown mineral 
opaque mineral 
sulphide 
graphite 
magnetite 
ilmenite 
pyrrhotite 
pyrite 

pent lLandite 
chalcopyrite 
galena 
sphatlerite 


hematite 
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Table 19. 


Thin section descriptionse 


eS SS ee oe Se ee @ a OO Oe OO OO Oo 


16C 66 
1-QZ 45 
1-AP 1 
2eC Ge 
2eOZ 
3<.C Ge 
3eQZ 30 
3eCC 
4eC 66 
4.0Z 36 
4.ZIRC 
5eC Ge 
§$-QZ 
6eC Te 
6-¢CZ 
7eC Te 
7eQZ 
Te ALL 
8eC 8. 2 
8-QZ 20 
9.C De 
9-QOZ 25 
9eALL 
10-eC Qe 
10-QZ 40 
10.OP 
11.C Qe 
11.QZ 
11.-SULF 
12.C 9. 3 
12eQzZ 40 
13.C Ge 
13.-PLAG20 
14.C Ge 
14eQZ 15 
14.-1LM 10 
15.C Qe 
15-QZ 
15-1ILM 10 
16.C 9.12 
16-QZ 
17.C 9.13 
17-QZ 
17.AP 
18.Cc10. $9 
18.QZ 45 
18-eZIRC 
19.C10.13 
19.-PLAG15 
20.C10.14 
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15 


1A 


1c 


7C 


9A 


9B 


1A 


3A 


1A 


1B 


2C 


4B 


SD 


SA 


671 272 E 1C SCT 
PLAG1O0 BIOT30 MUSC 2 EP 10 
OP 1 MICR 
671 272 E 1B AMP 
PLAG1S BIOT10 HORN6O EP 15 
669 287 E 4 SCT 
PLAG20 MICR 8 BIOT40 MUSC10 
MRAD 1 
670 291 E 4 SCT 
PLAGiO MICR 8 BIOT25 MUSC30O 
AP 1 
670 291 E 4 SCT 
FP..35 BIroTiS ZIRC 1 AP 
644 298 E 5 AMP 
PLAG20 BIOT15S HORN60O ALL 
635 298 E 1B AMP 
PLAG 1 BIOT 5 BHORN60 GRNAI5S 
615 424 E 7 AMP 
FP 10 BIOT 5 HORN60 GRNA 2 
627 436 E 7 AMP 
PLAG10 BIOT S HORNSO GRNA10 
627 436 E 4 SCT 
OLIG40 BIOT20 MUSC 2 GRNA 1 
626 437 E 9 AMP 
PLAG3O0 CHMG 3 HORN60 CARX10 
625 439 E 9 AMP 
PLAG 9 HORN60 SPH 3 PO 
621 440 E 9 AMP 
CHMG 5 HORN6S CARB 5 ILM 5 
616 443 E 9 AMP 
PLAG 5 BIOT 1 CHEQ1O HORN60 
MRAD 1 ALL SPH 1 
607 425 E 9 AMP 
PLAG 1 HORN80 GRNA1O AP 
ALL 1 
597 424 E 9 AMP 
PLAG 5S EP 1 SPH 4 cc 
590 426 E 9 AMP 
PLAG40 HORNSO CC 10 CARB 
SULF 1 MRAD 1 
497 379 E 4 SCT 
PLAG15 BI0OT15 MUSC20 CHFE 
OP 2 
497 394 E 9 AMP 
CHEQ 1 HORN70 EP 10 CARB 5 
497 396 E 9 AMP 


ZIRC 
TURM 
AP 

CC 1 
GRNA 
IiM 2 
ILM 3 
IiM 2 
ILM 2 
ZIRC 
IIM 1 
CPY 
ALL 
GRNA10 
CC 
HORNSO 
IiIM 4 
TURM i 
SPH 2 


SPH 2 

OP 1 
OP 1 

OP 3 

OP 1 

AP 1 
ALL 8 
SULF 1 
AP 1 
MRAD 1 
ALL 1 
CARB 5 

CARB 8 
ALL 1 
SPH 5 
AP 1 
SULF 1 
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Table 198. Cont'dece 

es we mr ww wm wm ww ow = ee ee a eo ee eee oe ee 
20.QZ 9 PLAG1S HORNS8O- EP 1 ZIRC 1 SPH S AP 1 
20e1LM 3 MRAD 1 

21.C10.15A 498 398 E 9 AMP 

21.02 & PLAG40 HORNSS SPH 5. OP 1 ALL 1 
22-C10.16A 495 401 E 9 AMP 

22-CZ 1 PLAG3S HORN65 CARB 1 AP i SPH 2* TEM? 1 
22-eALL 1 

23eC10.216B 495 401 E 9 AMP 

23-QZ 8 PLAG35 HCRN60 CARB 3 SPH 3 ILM 1 ALL 1 
24.-C10.17 495 405 E 9 AMP 

24-0Z 9 HORN 9 GRNA 9 CC 9 CARB 9 ILM 9 MRAD 1 
25-C10.19 499 409 E 9 AMP 

25-ePLAG1S HORN7O EP 15 SPH 2 SULF 5 

26eC1iO.21A 503 415 E 9 AMP 

26<OZ 9 PLAGSO HORN20 CUMM30 ILM 3 AP 1 SULF 1 
26¢ALL 1 

27-C10.21B $03 415 E 9 FLS 

27-Q0Z 80 MICR 9 PLAGIS MUSC 3 OP 1 ZIRC 1 

28eCii. SB S35 321° E 3 IF 

28-QZ 40 CHMG 1 CUMM30 SID 30 CARB 9Q9 OP 1 
29-C11.13 §33 330 £3 MIF 

29eCUMN9S OP 1 

30.C1i1.14 §33 331 E 4 SCT 

30-Q0Z 45 PLAG1O0 BICT20 MUSC20 ZIRC 1 AP 1 TURM 1 
3O.ALL 1 OP 2 

31.C11.28 §23 378 E 9 AMP 

31.Q0Z 9 PLAG27 CHMG 1 BIOT 1 HORN70O SPH 1 ILM 2 
31-ALL 1 

32.C11.36 517 404 E 9 AMP 

32-OZ 8 PLAG20 HORN70O_ EP 5 CARB 2 SPH 2 SULF 1 
33.Ci2. 9 662 486 E 1C CIP 

33-QZ FP PHLO CHMG TREM CC 80 OP 2 
34.C13. 1B 634 509 E 1C SCT 

34.Q0Z 25 PLAGSO MICR 1 BIOT15 HORN S_ EP 5) .CARB 1 
34.ZIRC 1 AP i oP 1 

35eC13- 6 659 510 E 4 SCT 

35.0Z 35 PLAG3O0 BIOT20 MUSCIS GRNA i zirc 1 

36eC1S5-. 1A 716 475 E 5 AMP 

362CZ 9 PLAG3O BIOT 1 CHEQ 4 CUMM 1 HORN60 GRNA 1 
SEeALIO. 140 AP 1 ILM 5 SULF 1 

37-C15~. 1B 716 476 E 9 AMP 

37-QZ 9 FP 35 BIOT 1 CHEQ 1 HORNSS CUMM 8 GRNA 7 
37-AP 1 ALL EEN CS 

38eC15- 1C 716 477 E 4 ScT 

38.0Z 65 BIOT10 MUSC25 CHEQ 1 TURM 1 OP 1 

39-C15- 1D 716 478 E 9 AMP 

39.QZ 8 SCAP 8 PLAG10 BIOT 1 HORN85 CARB 5 SPH 1 
39.ILM 1 AP 1 MRAD 1 

40.C15. 3A 708 478 ES UM 

40.-TREM42 ANTH49 OP 1 CARB 1 
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Table 19. Cont'deece 

41.C1S.- 3B 708 478 ES UM 

41.TREMSO ANTH 9 OPX 5S MICA 9 CARB 2 OP 1 

42.-C15~. 4B 705 478 E 5S UM 

42.-TREM9&S ANTH 9 MICA 9Q9 OP 1 CARB 1 

43.C15~. 5A 700 477 E 5 UM 

43.QZ 1 PLAG 2 MICR 2 PHLO 2 TREM 7 CPX 8 CARB 2 
43-OP 2 EP 1 INCC 1 

44.C15. 6A 625 477 E 5 UM 

44.ANTH40 TREM 1 OPX 40 CHMG10 CARB10 OP 1 

45.ci5. SA 680 487 ES MBX 

45.FP i BIOT 1 EP 45 AcT 50 SPH 2 OP 3 HORN 1 
46.C15. 9B 679 487 E 7 AMP 

46-Q0Z 10 PLAG1S BIOT 1 CHEQ 1 INCO 3 HORN70O CC 1 
46.SPH 3 ILM 1 AP 1 ALL 1 

47-C15e10A 670 480 E S UM 

47eCHMG20 ANTH45 Cc 30 SID 9 OP 3 

48.C16-. 3B 445 390 E 7 AMP 

48.QOZ 9 PLAG20 BIOT 3 CHMG10 HORN60O0 DOL 3 CC 8 
48.SPH 2 ALL 1 PO 1 GE 5 ILM 5 CPY 1 RUTI 5 
49.-C16. 4A 445 392 E 7 SCT 

49.QZ 55 FP 9 BICOT25 MUSC10 TURM 2 GRNA 5 AP 1 
49.ZIRC 1 MRAD 1 OP if 

50.Ci6- 4B 445 392 E 7 SCT 

50.-QZ 70 FP GS BICTi10 MUSC10 CHMG S GRNA 3 TURM 2 
50eZIRC 1 AP 2 oP 1 

51.ci6. 9@ 448 402 E 9 AMP 

51.Q0Z 1 PLAG3O CHLR 2 ACT 65S EP 7 SPH 2 CARB 3 
51e-INCO 3 HORN 9Q9 

§2.C16.-13 458 416 E 9 AMP 

52.0Z 55 PLAG 2 BIOT 3 HORN3S AP 1 ILM 7 ALL 1 
53.C20- 1 66 331 W 6 MBT 

53.-OZ 8 PLAG10 BIOT 1 CHEQ 3 ACT 50 EP 30 SPH 6 
53.-SULF 1 

54.C20. 2 66 332 W 6 MBT 

54.0Z 8 FP 8 CHFE10 ACT 35 EP 35 SPH 10 CARBi10 
54.SULF 1 

55-C20-13A 98 367 W 6 MBT 

55.QZ S® Fe 8 BIOT 1 CHLR 5S ACT 40 EP 35 CARB 3 
55-SPH 10 SULF 2 

56.C20.135 98 372 W 6 MBG 

56-QZ 5 PLAG1Q CHMG10 ACT 50 EP 30 SPH 7 

57-«C21. 6 94 8 W 2A DIA 

S57e¢PLAG $3 CPX 9 OL 9 SERP OP 

58.C28&. 2 205 470 W 7 TFI 

58.0OZ 25 PLAG5S BIOT10 CHLR 2 EP ZIRC 1 AP 1 
58.1LM 11 

59.CZ29- 6B 242 464 W 7 MBG 

S9.PLAG20 ACT 60 EP 10 cc 4 SPH. 2 SULF 1 HORN 9Q9 
60-C31. 161 237 470 W 7 UM 

60.-SERP45 CPX 40 CHEQ1O MT ILM CPY 9 
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Table 194 Cont'deece 

61-C31. 1.2 237 470 W7 wUM 

61.-SERP70 CPX 9 CHEQ 9 OPX 8S MT S ILM 9 CPY 9 
62.eC31. 1.3 237 470 W 7 UM 

62e-SERP70 CPX 9 CHEOQ 9 MT 9 ILM 9 CPY 9 

63.C31i. 2 234 467 W 7 UM 

63-PHLO 1 CHMG10 ACT 10 CPX 60 EP 25 CARB 5 SPH 2 
64.C31. 32 230 465 W 7 SCT 

64.CZ 65 FP 9 BIOT1S CHLR1IS' EP 8 GRNA 3 ZIRC 2 
64.AP 5 OP 2 

65.C31-. 7 218 463 W 7 MBT 

65eANTH&86 CHLR 8 EP 8 SPH 4 PO 9 PN 1 CPY 5 
66eC3I1. 8 217 461 W 7 MBT 

66.PLAG 1 CHMG3O ACT 65 EP 5 SPH 2 HORN 9 

67e«C32- 2 230 455 W 7 MBT 

67-QZ 1 PLAGiO BIOT 1 CHEQ10 ACT 70 EP 10 SPH 4 
67-SULF 2 HORN 9 

70.D 2.14 681 488 E 5 UM 

70eCHMG20 ANTHSO EP 7 SPIN10 CARB10 OP 3 

71eD 6e 4A 688 280 E 4 SCT 

71.cz 9 PLAG40 BIOT35 MmMuUSC15 SPH 5 OP 5 TURM 3 
71.«<ZIRC 2 

72eD Ge SA §81 342 E 4 SCT 

72-QZ 65 BIoTio0 MUSC20 TURM 1 ZIRC 1 OP & 

73eD Ge 7 578 343 E 9 AMP 

73e¢PLAGI5 HORN65 EP 15 SPH 3 CARB 3 ILM 5 MRAD 1 
74D 9.13 571 355 E 9 AMP 

74.QZ 1 PLAG15 HORN60 CPX 10 £2SPEH 8 EP 10 MRAD 1 
75-D1i3- 1A 568 371 E 9 AMP 

75.<QZ 9 PLAG3O HORN65 EP 3 SPH 1 ILM 3 AP 8 
75eSULF 1 MRAD 1 

76e«D13. 1C 568 371 E 9 AMP 

176eQZ 9 PLAG20 HORN7Q EP 15 CC 4 SPH 3 SULF 1 
77-D13.13 $519 388 E 9 AMP 

77e¢CZ 9 PLAG20 HORN60 EP 10 CC 10 SPH 3 ILM 1 
78eD13-16A 516 389 E 9 AMP 

78.QOZ 9 PLAG25 HORN7O ALL 1 = AP 1 ILM 5 
79.-D13.16B 516 389 E 9 AMP P 

79-Q0Z S PLAG3O HORN65 ALL 1 SPH 1 ILM 4 CPY 1 
80.H 1. 6A 306 81W3 =IF 

80.CZ S CUMM 9 DOL 9 SID MT 

81.eH 1. 6F 307 79 W3 IF 

81.0OZ 50 BIOT 3 CHMG 6 GRNAI5 SID 4 SPH MRAD 1 
81.0P 20 

S2eH te TA 309 79 W3 IF 

82.QZ 55 AB 6 BIOT 7 CHFE 4 GRNA 3 SID 8 OP 20 
83H 1-e TE 310 79 W3 MIF 

83.-QZ 55 BIOT 1 CHFE15 CUMM GRNA10 SipD 3 OP 15 
84eH 1-e SA S1S° V7T7T Ws iE 

84.0Z 60 BIOT 2 CHFE15 GRNA10 OP 15 

85eH 1. SB 3746 TEIWI2e TF 
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Table 1924 Cont! deece 


LL a SS Se eS Se SS SS OOO OS OE 


85.-QZ 55 BIOT 1 CHFE20 AP 1 oP 25 
86eH 1- QE Bf8 C73 tW%S" IE 
S6eSTIL S CHFE 1 CUMM65 CARB30O OP i. 


S87-H 2. 1A 319 75 W'3 scT 

87-OG0Z 55 BIOT 3 CHFE40 ZIRC 1 GRPH 1 

S88eH 2 1B 319 75 W3 IF 

88eQZ 45 STIL20 CHFE 1 GRNA 5 SID 20 oP. 10 
89.-H 2. 1D 319 75 W3 SS 

89.eQZ 85 MUSC10 CHFE S OP 1 

SO.H 2. 1E 319 75 W3 #sSS 

90.0Z 85 CHFE1S ZiIRc 1 


91.H 2. 2 321 °79 W 3 SS 

91.-Q0Z 40 AB § mMUSC20 BIOT S CHLR 1 EP 1 CAPB 3 
91.ZIRC 1 OP 1 

92-H 2. 5 316 94 W3 _= SS 


92.QZ 80 PLAG 1 BIOT 3 CHFE10 GRNA 1 CARB 2 ZIrcC i 
92-eO0P 2 

93.H Se i 225 256 W 6 MBT 

93-PLAG15 BIOT 5 CHEQ 4 EP 8 CARB 1 SPH 7 SULF 3 
93.-ACT 55 HORN 9Q MRAD 1 

94.e-H 5- 6C 227 245 W 6 AGL 


94. 
95-H 5-10 227 241 W6 MBG 
95.-GZ 9 PLAG20 CHFE 7 ACT 55 EP 13 SPH 3 £=SULF 2 


95-HORN 9 

96.H 5-168 230 234 W 6 MBX 

96-AB 30 BIOT 1 CHEQ 7 ACT 50 EP 10 SPH 4 HORN 9 
96-eMRAD i 

S7-H 5.20B 236 229 W6 MBY 

97-QZ 9 AB 40 BIOT12 CHEQ20- EP 4 SPH 4 cc 20 
97.-CARB 8& MRAD 1 

98H 528A 254 206 WS SCT 

98.0Z 35 AB 15 BILoOT25 MUSC20 CHEQ 1 EP 5 TURM 1 
98.SPH 1 OP 1 

99.-H 5.29 256 205 WS MBY 

99.QZ © PLAG4S BIOT 1 CHMG15 EP 10 SPH 3 ACT 20 
99.cc 10 CARB 8 MRAD 1 HORN 1 

100.-H 5.30A 257 204 WS ss 

100.0Z 70 MICR15S PLAGi1S MUSC 5 OP 1 

101.BH 5.30C 257 203 W 5 MBY 

101.0Z 15 PHLO 1 CHMG4S TREM 1 DOL 40 SPH 1 ILM 3 
101.SULF 1 ZIrc 1 

102-H §.33 259 196 WS SscT 

102.0Z 25 PLAG20 BIOTI1S MUSC25 CHEQ 5 Cc 10 CARB 8 
102.0P 1 

103.H11. 5 277 340 W 6 AMP 

103.02 8 PLAG3O CHMG 3 ACT 45 EP 20 CARB 1 SPH 2 
103.HORN 9 

104.-H1i1. 7F 291 325 WS SCT 

104.0zZz 40 PLAG35 BIOT20 4 TURM 1 OP 2 
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LDL a a SS OS BOS OS OO OD ODS 


105-H11. 7J 
105.-QZ 30 

106.H11. TL 
106-02 9 
106-SPH 9 
107-H1i1e 7P 
107.-QZ 50 

108.H11. 7S 
108.QOZ 9 
109-Hi1ie GE 
109.CZ 47 

109.SPH 1 
110.H11-10B 


110-QZ 35 
110.-SPH 1 
111-H11-10C 
111.QZ 9 
112.H11.10D 
112.QZ 40 
112.0OP 5 
113.-H11.10H 
113.-Q@Z 20 


113.SPH 1 
114.H11.10J 
114.PLAG43 

114-eMRAD 1 
115.-H11-10K 


115.PLAG25 
115.1LM 1 
116-H12. SC 
116.0Z g 
116.SPH 1 
LUZeHY2. 5E 
117.QZ 9 
117.HEM 1 
118.H12. 6B 
118.Q9z 70 
118.AP 1 
119.H12. 6C 
119.0Z 80 
LDGsOP 45 11 
120.Hi2. 7G 
120.0Z 9 
121.H12.10B 
121.0zZ 52 
121.ILM 5 
122.H12.10G6 
122.02 9 
123.H13.36 


291 325 wS SsctT 
PLAG 9 BIOT18 CHMG20 

291 325 W 5 sceT 
PLAG $3 BIOT 9 CHMG 9 
OP S INCO 9Q 

29% 325 W5 ser 
PLAG3O BIOT1O MUSC 5 

291 325 WS SscT 


PLAG 9 CHMG 9 ACT 

291 326 WS SscT 
PLAG40 BIOT S MUSC 5 
ZIRC 8 OP 2 

293 327 WV 5 sceT 
PLAGIS BIotTiS CHMG15 
OP 3 

293 327 WS5 scTt 
PLAG 9 MUSC 9 CHMG 

293 327 W 5 SS 
PLAG4S MUSC 4 BIOT 4 


223 327 W 5 tTFI 
PLAG20 BICT10 CHLRI5 


ILM 5 SULF 1 
293 327 WS AMP 
BIOT 1 ACT 50 CARB 4 


293 327 W 5 AMP 


BIOT 2 CHMG 4 ACT 61 
HORN 9Q MRAD 1 

287 336 W 5 AMP 
PLAG25 BIOT 1 CHLR 7 
IiM 4 HEM 1 


287 336 WS AMP 
PLAG20 CHEQ 7 HORN68 
ALL | MRAD 1 

296 334 W4 SCT 
PLAG 8 BIOTi15 MUSC10O 


SPH 1 OP 1 
297 334 Ww 4 SCT 
PLAG 9 BIOT15 CHEQ 2 
301 335 W 4 SscT 
PLAG 1 BIOT 9 CHMG 9 
303 332 w4 SscT 
PLAG 8&8 BIOT30 MUSC 3 


303 332 W 4 SscT 


BIOT 9 CHFE 9 CARB 9 


279 340 W 6 AMP 
PLAG15 HORN7OQ CARB 5 


SPH 


CHEQ 


HORNI5 


SPH 2 


HORN41 


CARB 


cC 


GRNA10 


1 


1 


9 


CARB20 
CARB 9Q 
GRNA 1 
SPH 9 
EP 8 
CARB 9 
OP 9 
CARB 5 
cc 15 
OP 1 
CARB 3 
ALL 1 
SPH 1 
EP 1 
TURM 1 
TURM 9 
TURM 1 
GRNA 9 
ILM 7 


OP 4 
OP 3 
AP 9 
AP 1 
EP 5 
SPH 5 
CARBI15 
HORN 9Q9 
SPH 3 
CARB 2 
ILM 4 
TURM 1 
AP 1 
OP 9 
AP 1 
ALL 5 
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SL SS eS a ew Se we OOO? SO GB OS OOD OOO" OD SS OO 


124.H13.53 
124.02 9 
125.-H13.110 
125.QZ 2 
125-SULF 1 
126eH19.112 
126.PLAG30 
127-H13.113 
127-PLAG25 
128.H13.114 
128.QZ 9 
128-eMRAD 1 
129.H13-116 
129.PLAG30 
129.SULF 1 
130.H13.118 
130.QZ 9 
131.L 1. 2 
131.PLAG10 
131-HORN 9 
132eL ie 9 
132.02 9 
132.SULF 3 
133eL 1-10A 
133-.QZ 15 
133-SPH 4 
134.-L 1.10C 


134.QZ 20 
135.eL 4. 2A 
135.-QZ 40 
135.P0 3 
136e«L 4. 2B 
136-.QZ 9 
136-SPH 3 
137-L 4. 3A 
137.0Z Q 
137-I1LM 9 
138-eL 4.13 
138.-QZ 15 


138-SPH 7 
139eL 4-15A 
139.PLAG20 
140.L Se 6 
140.PLAG20 
141.L 5-11 
141.PLAGI1I5 
142.L 7. 1 
142.-0Z 3 
142.SULF 5 
143.L 7e 2 


278 338 W 6 MBX 
CHEQ 9 HORN 9 EP 

277 336 W 6 AMP 
PLAG1{5 CHEQ 2 HORN77 


277 336 W 6 AMP 
BRORN66 EP tL SPER 2 
277 335 W 6 AMP 
HORN64 ALL 2 CARB 1 
277 335 W 6 AMP 
PLAG3O HORNS&- EP 3 
277 335 W 6 AMP 
CHEQ 3 HORNS4 ALL 2 
277 335 W 6 AMP 
PLAG10 CHEQ 2 HORN8O 
127 171 WS MBT 


BIOT 1 CHEQ 5S ACT 50 
121 188 WS MBT 
PLAG2O0 BIOT 4 CHEQ 6 
SPH 4 HORN 9 
120 190 W 5 TFB 
PLAG 9 BIOT25 CHLR20 


SULF 2 

120 189 W 5 cst 
PLAG 9 BIOT 1 CHMG20 

238 382 W 6 SCT 
PLAG 9 BIOT S CHEQ30 
CPY 1 

238 382 W 6 MBG 
PLAG2O BIOT 4 CHEQ15 
SULF 1 ILM 4 

236 387 W 6 MBG 
PLAG 9 BIOT 9 CHEQ 
HORN 9Q 

248 419 W 6 MBT 
PLAG 9 BIOT 1 CHLR10 
HORN §& 

253 421 W 6 MBG 
CREOQ10 ACT 50 EP 15 

263 349 W 6 MBT 
CHMG S ACT 60 EP 15 

264 362 W 6 MBG 
CHMG S ACT 70 EP 5 

147 391 W 6 MBT 
PLAG10 BIOT 7 CHLR 7 
HORN 9 

147 391 W 6 MBT 


SPH 

ALL 1 
ILM 6 
SPH 2 
SPH 3 
CARB 4 
ALL 2 
EP 30 
ACT 40 
ACT 5 
cc 70 
EP) 020 
HORN40 
ACT 

ACT 30 
cc 

SPH 7 
SPH 7 
ACT 50 


9 


MRAD 9 
SPH 1 
SULF 1 
ILM 5 
CARB 1 
SPH 1 
SPH 1 
SPH 7 
EP 20 
cc 25 
TURM 1 
GRNA 4 
EP 10 
EP 9 
EP 10 
SPH 5 
SULF 1 
HORN 9 
EP 25 


SULF10 
ILM 5 
MRAD 1 
SULF 1 
ILM 5 
ILM 6 
ILM 5 
SULF 2 
cc 10 
EP 10 
ZIRC 1 
SPH 4 
ce 15 
SPH 9 
cc 30 
HORN 9 
HORN 9 
SPH 3 
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SPH 8 
cc 7 
CARB 1 
SPH 5 

SPH 5 
EP 30 
SULF 1 
SPH 6 
SPH 3 
SPH 2 
OP 1 
SPH 9 
CARB 6 
SPH 4 


Table 196 Cont"deeec 

143.0Z 7 AB 15 CHLR 8 EP 10 acT 60 cc 7 
143.SULF 1 

144.L 7. 6 145 388 W 6 MBT 

144.02 9 PLAG 8 BIOT 5 CHLR 7 ACT 60 EP 15 

144.SPH 10 SULF 2 HORN 92 

145.L 7. 7B 144 387 W 6 MBG 

145.QZ 9 PLAG15 BICT 5 CHLR 3 aAcT 50 EP 20 

145.SPH 5S SULF 2 HORN 1 

246.007. 8 143 385 W 6 MBT 

146.PLAGi0 BIOT 3 CHEQ 5S ACT 42 EP 35 CARB 5 
146.HORN 9 

14500 Felt 142 383 W 6 MBG 

147.-PLAG17 BIOT 3 CHLRI1O ACT 33 EP 30 CARB 1 
147.SULF 2 HORN 9 

148.L 7.15 140 381 W 6 MBG 

148.0Z 2 PLAG18 BIOT 2 CHEQ 7 STIL 1 ACT 33 

148.SPH 6 SULF 1 HORN 9 MRAD 1 

149.L 7.17B 139 379 W 6 MBT 

149.PLAGi5S BiIoOT 1 CHEQ 9 ACT 41 EP 30 SPH 5 

149.HORN 9 

15S0-L 7-23 136 373 W 6 MBG 

150.Qz 1 PLAG1O BIOT 8 CHEQ 7 ACT 38 EP 30 

150.SULF 1 

151.M 2 9 290 156 W 4 SCT 

151.0Z 30 PLAG20 muUSC1S BIOT15 CHEQIS' EP 1 

151.0OP 2 AP 1 

152M 2-10A 278 161 W 4 SCT 

152.QZ 9 MUSC 9 BIOT 9 CHLR 9 GRNA_ 9 OP 9 
153eM 2213 294 161 W 4 SCT 

153.0Z 25 PLAG28 MUSC10 BIOT15 CHEQi5 TURM 2 

153.0P 3 AP 1 

154.M 2.16 312 146 Ww 4 SCT 

154.0Z 15 CHEO 2 ACT 60 EP 10 CARB10 SPH 3 

154.HORN 9 

155.M 8 & 203 234 W 6 AGL 

155.QZ 9 BIOT 9 CHFE 9Q EP 9 PO 9 CPY 9 
156eM GS. 1B 308 184 w 4 SscT 

156.QZ 9 BIOT 9 CHLR 9 ACT 9 EP S CARB 9 
156.0P .s) 

157eM 9. 1K 306 182 W 4 CIP 

157.0Z 9 BIOT 9 CC 9 OP 9 

158.M 9. 3 303 181 W 4 SCT 

158.QZ S PLAG 8 BIOT 9 EP 9 OP 9 TURM 9Q 
159.P 3. 9 122 323 W 6 MBG 

158.0Z 10 PLAG 8 BIOT 5 CHEQIO ACT 53 EP 1 

159.-SPH 6 SULF 2 HORN 9 MRAD 1 

160.P 3.10 123 325 W 6 UM 

1660.SERP35 CHEQ & TREMSS CC 10 SPH 1 

161-P 4. 1A 140 247 W 5 MBG 

161.QZ 8 PLAG15 BIOT 4 CHEQ 7 ACT 50 EP 20 
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Table 196. Cont'deece 

161-SULF 1 HORN 92 

162.P 4. 8 140 256 W 6 SCT 
162.-QZ 34 PLAG 8 MUSC1O0 BIOTI10 
162.eTURM 1 ZIRC 1 OP 7 

163.P 4 & 140 260 W 6 SCT 
163-0Z 60 BIOTI1O0 EP 5 TURM 5 
164.P 4.23 145 303 W 6 TFB 
164.-Q0Z 17 PLAG 8 BIOT20 CHEQ 5 
164.0P 4 

165.-P Se 2 239 265 W 6 AGL 
165.-QZ S PLAG & BIOT 9 CHLR 
166-P Se1lTA 220 284 W 6 SCT 
166.-Q0Z 21 PLAG 9 BIOT 6 CHLR25 
167-P 5-e22B 218 287 W 6 SS 
167.QZ 70 PLAGI17 MUSC 1 BIOT 3 
167-ZIRC 1 OP - 

168.P 7. 9 87 246 W 6 MBG 
168.QZ 3 PLAG17 BIOT 1 CHEQIO 
168.SPH 5S SULF 1 

169.-P 7.10 86 247 W 6 MBG 
169.QZ 9 PLAG2O0 BIOT 1 CHEQ10 
169.-SPH 6 OP 1 MRAD 1 HORN 
170eP 7-e27C 74 271 W 5 CGL 
170.QZ 9 MICR 9 PLAG 9 MUSC 
171.P Ge 6 87 106 W 3 SCT 
171.0Z 58 PLAG 9 MUSC S BIOT12 
172.P 9.18 69 111 W 4 SCT 
172eQZ 80 PLAG 9 MUSC 5 BIOT 7 
172.ZIFC 1 GP 1 

173-P Ge27A 79 140 WS UM 
173-TREM9S7 CHMG 3 SPH 1 4OP 
174.-P 9e27C 79 140 wS UM 
174.TALC 9 SERP 9 CHLR 9 CARB 


175-P 9.27D 
175.TREMOO 
176-R 1.11 
176eQ@Z 25 
177-R 1.16 
177-PLAG25 
178eR 2. 7 
178.QZ g 
178-SPH 1 
179.-R 5.13B 


179.Q0Z 5 
179.-SPH 3 
180-R 6. 3 
180.Q@Z 33 
180-O0P 2 
181-R 6.14 


79 140 W 5 UM 
CARBiO OP 1 
6192 294 E 4 SCT 
PLAG2S BIOT46 MRAD 
593 311 E 1B AMP 


HORN6S5 BIOT10O- EP 

563 297 E 1B AMP 
PLAG2O0 BIOT 1 HORNS6 
SULF 1 ZIRC 1 

163 325 W 6 MBG 
PLAG10 BIOT 1 CHEQ16 
MPAD 1 

105 525 Ww 8 SCT 


PLAG2QO MUSC30 BIOTI5 


95 506 W 7 MBT 
PLAG45 BIOT 1 CHMG 


CHEQ20 
PO 18 
EP 20 
ACT 

EP 

EP 

ACT 49 
ACT 50 
9 

CARB 
GRNA 7 
CHLR 5 
TREM 
AP 

SPH 

EP 20 
ACT 45 
CHFE 
ACT 45 


CPY 2 


CARB30 


EP 9 


CARB40 


CARB 3 


OP 9 


Zirc 1 


MRAD 1 


GRNA 3 
SPH 4 
SPH 9 
SPH 8 
SPH 8 
CARB 8 
CARB10 
MT 13 
SPH 3 
cP 6 
CARB 8 
CARB 1 
SPH 1 
SPH 3 
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Table 19. 


181-eCARB 3 
182-R 6.17 
182.QZ 30 
182.AP 1 
183-R 6621 
183.0Z 9 
183.SULF 1 
184.R & 9 
184.02 8 
184.SPH 1 
185.-R10. 2 
185.QZ 25 
185.O0P 2 
186-R12- 1B 
18&6.QZ 9 
186-O0P 1 
187-R12. 1C 
187.PLAG30 
188.-R12. 5A 
188.QZ 76 
188.-SPH 2 
189.-Ri2- 7A 
189.02 & 
189.SULF 5 
190.R12. Q 
190.0Z 35 
190-HORN 9 
191.R12.10 
191.02 9 
191.-MRAD 1 
182.-Ri2.12B 
192.0Z 30 
192.POC 1 
193.R12.13 
193.ACT 69 
194.-R12.-32 
194.-PLAG15 
195-R12.36 
195.QZ 9 
195.SULF 1 
196.R12.42 
196.QZ 9 
196.-SULF 5 
197-R13.22 
197-O0Z S 
197e-SULF 5 
198.R14. 4D 
198.QZ 9 
198.SULF 1 
199.R14. 
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PO 5 CPY FS) 
96 S02 W 7 FLS 


PLAG 9 MICR 9 BIOT 3 


26 495 W 7 MBX 


PLAG10 CHEQ 8 ACT 30 
INCO 1 

59 526 W 7 TFB 
PLAG15 BIioT 1 MUSC 
OP 1 

174 498 W 8 SCT 


OLIG23 BIOT 1 
AP 1 ZIRcC 
164 231 ws 
PLAG3O BIOT20 
MRAD 1 HORN 9Q 


CHMG 1 
1 MRAD 1 
MBG 

ACT 30 


164 232 WS MBG 
BIOTI2-°ACT 55 wEP 10 
167 238 ws _ SsS 


PLAG 9 BIOT 4 MmuUSC15 


167 239 WS MBG 
PLAG1O0 CHLR 3 ACT 75 
HORN 9Q MRAD 1 

168 241 W 5 TFB 
PLAG 9 CHMGSO ACT 5 


169 242 W 6 MBT 
PLAG15 BIOT20 ACT 50 

170 244 W 6 MBG 
PLAG3O STIL 1 CHFE10 
CPY 1 MRAD 1 

170 245 W 6 UMX 
CEMG30 SPH i AP 

190 277 W 6 MBT 
CHLR 5 ACT 40 EP 35 

191 282 W 6 MBT 
PLAG3S BIOT 1 CHLR 5 

193 286 W 6 MBT 


PLAGi15 BIOT10 CHLR 5 
cc 7 INCC 7 HORN 

187 244 W 6 MBX 
PLAG15 CHLR 3 ACT 60 
HORN 9 

263 242 W 6 MBY 
PLAG35 BICT10 CHMG35 
MT 1 ZIrRc 1 

262 248 W 6 


CHEQ 5 


EP 


50 


CHMG35 


AMPHSO 


RUTI 


EP 


ACT 


OP 


SPH 


ACT 


ACT 


EP 


10 


20 


20 


45 


1s 


EP 1 
SPH 2 
EP 20 
DOL 2 
SPH 7 
HORN 9Q 
Zirc 1 
CC 1 
SPH 5 
SPH 3 
SPH 5 
SULF 1 
SULF 1 
EP 35 
EP 20 
SPH 4 
cc 15 
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SPH? (2 
RUTI 8 
CARB3O 
EP 1 
AP 1 
MRAD 1 
TURM 1 
SPH 3 
SULF 1 
HORN 9 
ILM 5 
HORN 1 
SPH 3 
SPH 5 
cc 5 
SPH 2 
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Table 194 Cont deee 
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198.QZ 10 PLAG 1 BIOT 1 CHLR15 acT S5 EP 15 SPH 4 
199-SULF 1 MRAD 1 


200.R14.12 252 268 W 6 MBT 

200-Q0Z 15 PLAG 1 CHLR10 ACT 55 EP. 15 SPH 4 OP 5 
200-HORN 9 

201.R14-26 230 297 W 6 MBT 

201-QZ 9 PLAG1O STIL 5S CHFE10 ACT 60 EP 10 SPH 5 
201.-1LM 2 SULF 1 HORN 9Q9 

202-R15. 3 285 232 WS MBX C 


202-Q0Z 35 PLAG 9 CHMG10 ACT 40 EP 10 CC 5 SPH 4 
202.-SULF 5 MRAD 1 HORN 9 
203eR1I5~. 4B 285 233 W 5 MBY 


203-QZ 9 PLAGiS BIoTi0 cCHMGSO EP 10 cC 10 SPH 4 
203-e-SUIF 5S ZIRC 8&8 MRAD 1 

204eR15- 5 285 235 W 6 MBX 

204.02 9 PLAGIS CHLR 5 ACT 70 EP 10 CC 9 SPH 5 
204.-SULF 5 HORN 9 MRAD 1 

205-R1iS-11 283 250 W 6 MBG 

208-QZ 9 PLAGIS BIOT 3 CHEQ1O0 ACT 60 EP 15 SPH 3 
205-SULF 1 MRAD 1 HORN 9 

206.2R15.15 280 262 W 6 MBT 

206-0Z 9 PLAG 5 BIOT 1 CHLRI1O ACT 65 EP 20 CARB 9 
206-SPH 5S SULF 5 HORN 1 

207-R15-17 279 266 W 6 MBG 

207.QZ 9 PLAG20 CHLR 5 ACT S5 EP 20 SPH 3 MRAD iI 
Z207-HORN 9 

208.K15.18 278 267 W 6 MBG 

208-02 9 PLAG1S CHLR10 ACT 60 EP 10 CARB 1 SPH 4 


2C8eHORN 9 
209-R15-e27B 260 295 W 6 MBG 


209.QZ 9 PLAG 5 CHLR 5 ACT 70 EP 20 SPH 2 HORN 9 
210.R15.29 258 300 W 6 UM 

210.QZ 8 PLAG 4 CHMG 5 TREM80_ EP 2 cCARB10 SPH 3 
210. 

211.R15.30 256 302 W 6 MBT 

211-02 9 PLAG1S CHLR 5 ACT 70 EP 10 SPH 5S HORN 9 
212.R15.31 256 303 W 6 MBG 

212.92 9 PLAG10 BIOT 1 CHLR S ACT 40 EP 35 CARB 3 


212.SPH 3 SULF 1 HORN 9 
213-R17.16A 170 217 WS MBY 
213.0Z 50 PLAG 9 BIOT40 CHLR 3 EP 8 CARB10 SPH 1 


213-.ILM 1 MRAD 1 
214.R20. 2A 285 357 W 5 MBY 
214.0Z 9 PLAG20 BIOT 3 CHMG30 ACT 30 cc 15 CARB 8 


214.1ILM 2 MRAD 1 
215.R20. 2c 290 355 W 5 SCT 
215.0Z 79 PLAG 9 BICT15 CHEQ 3 AP LeZEBC | £ ‘OP! | "2 


215-TURM 1 


216.R20. 2E 295 352 WS MBX 
216-0Z 9 PLAG25 BIOT 1 CHLR 4 HORN6S ALL 1 CARB 3 
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1 SPH 2 SULF 2 
ILM 2 HORN 9Q 
1 SPH 1 ILM 6 
ACT 60 EP 5 
EP 1 zIRc 1 
GRNA 1 AP 1 
5 EP 40 SPH 5 
1 OP 10 
ZIRC 1 OP 1 
1 ZIRC 1 0P 15 
1 OP 10 
OP 10 
OP 20 
1 
OP 20 


Table 19. Cont'deee 

216eAP 1 SPH L°ELe “5 

217.R20. 4 291 364 W 6 AMP 

217.02 8 PLAG2O0 ACT 70 EP 10 MRAD 
217.HORN 9Q 

218e-R20-. 7 282 371 W 6 AMP 

218.QZ S PLAG2O0 ACT 70 EP 5) SPH) 3 
219.R20. 8 279 368 W 6 AMP 

219.CZ 10 PLAG 9 CHEQ 1 HORN83 ALL 
220eR22. 1B 218 344 W 6 MBT 

220-QZ 9 PLAG2S BIOT 5 CHEG 5 STIL 3 
220-eCARB 3 SPH 10 SULF 5 HORN 9Q 
221-R22. 2D 218 342 W 6 SS 

221-QZ 83 PLAG 9 BIOT 3 MUSC10O CHFE 2 
221.CARB 1 SPH 1 OP 1 

222e¢R22- 7B 225 328 W 6 MBG 

222-Q0Z 20 PIAG 8 BIOT 1 CHEQ30 EP 40 
222-SPH 7 PO 3 CPY i ZzZiIrRc 1 
223e¢R22e TC 225 328 W 6 MBG 

223.-Q0Z 10 BIOT25 CHFE S HORNIO GRNA 
223-P0 4 CPY 5 IZiRC. 1 

225eS 12 6 278 70 W3 IF 

225.Q0Z 64 CUMM1i5 GRNA10 CARB 1 AP 
226e¢S Zelel 291 98 °%W'i3 SS 

226eQZ 89 MICR 5 PLAG 5S BIOT 1 MUSC 1 
227e¢S 20142 291 98 W3 SS 

227.0CZ 89 MUSC10 ZIRC 1 OP 1 

228e¢S 26.163 291 98 W3 IF 

228.0Z 8&1 BIOT 1 STIL i CUMM 3 CARB 
229e«¢S 261-4 291 898 Wise IF 

229-QZ 64 STIL 1 CUMM10 CARBI5 ZIRC 
2300S 201-65 291 98 W3 IF 

230.-Q0Z 71 STIL 1 CUMM 3 CARB 1 OP 25 
231-S 221.6 291 98 W3 IF 

231.0Z 34 STIL 1 CHFE 1 CUMM 1 DOL 35 
232-eS 2.1.7 291 98 W3 IF 

232.0Z 74 STIL 1 CHFE 1 CUMM 3 CARB 2 
233e«S 221-9 291 98 W3 IF 

233.Q0Z 45 STIL44 CARB1O OP 1 

234-S 201.10 291 98 W3 SS 

234.0Z 97 BIOT 1 CHEQ 2 ZIRC 1 
235.-S°2-1411') 291 98 W3 IF SC 

235.0Z 15 DOL 15 STIL70 

746.5 Betsl2 29% 798 W3 TF 

236-0Z 53 CC 45 CARB 9 STIL 1 CUMM 2 
237-S 21:04 291 98 W 3 SCT 

237.0Z 48 BIOT10 MUSC25 TURM 2 OP 15 
238-S 201.15 291 98 W3 IF 

238.0Z 89 STIL10 BIOT 1 CHFE 1 OP 
2390S Jele2 316 87 W3 MIF 

239.0Z 20 BIOT 1 STIL10 CHFE20 CARB30 
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Table 19. Cont*deee 

240e«S 3e1.3 315 87 w3 IF 

240-.0Z 50 BIOT 1 CUMM 2 cc 45 CARB 8 

241-S 4.13A 258 117 W3 SCT 

241.Q0Z 76 BIOT 5S MUSC 8 CHEO10 AP 1 OP 1 
242-S 4.14A 263 123 W 3 SCT 

242.Q0Z 37 AB 37 BIOT 2 MUSC 3 CHEGQ 1 AP 1 oP 1 
243-S 4.14¢C 264 124 w3 IF 

243-Q0Z 29 STIL70 OP 1 

244.S 4.14D 264 124 Ww 3 IF 

244-0Z 10 STILSO CUMM28 ALL 1 CARB 2 AP 1 
245e¢S 4.17A 263 142 w4 =IF 

245-Q0Z 40 STIL40 SID 15 OP 5 

2466S 4.22A 238 137 Ww 4 scT 

246-0Z 68 FP 2 BICT 5 MUSC10 CHEQ10O0 GRNA 5 CC 1 
246.eCARB 1 ZIRC 1 GRPH 2 

247¢S 4-258 234 128 w4 SCT 

247-QZ S58 MUSCI15 CHEQ 2 AB 15 CARB10O OP 1 
248-S 4.32A 240 113 W 3 IF 

248.QZ SO OP 10 ZIRC 1 

249-S 4-32B 241 111 W3 tIF 

249.-Q0Z 85 OP 15 Zire 1 

250eS 6e TF 319 224 W 6 SCT 


250-0Z 9 FP 9 BIOT 9 CHEQ 9 EP 9 ZOIS 9 GRNA 9Q 
250-eTURM 9 ZIRC 9 OP 9 

251-S 64 8A 319 224 W 6 SCT 

251.QZ S50 FP 8 BICT1S CHEQ 3 ACT 1 EP 29 TURM 1 


251.0P 2 
252e¢S 6¢ 8E 319 223 W6 SCT 


252-QZ 48 AB 8 BIOT10 CHEQ 5 EP 35 TURM 1 OP 1 
253e¢S 6612A 319 220 W 6 TFI 
253-Q0Z 30 AB 8 CHEQ40 EP 20 AP 1 SPH 10 


254-e¢S 6e13A 318 218 W 6 MBG 

254.0Z 35 CHTE S HORNS1 EP 3 AP 1 ILM 4 SPH 1 

254-ZIkC 1 

255e¢S 6-14 315 216 W 5 CGL 

255eQZ 40 MICR20 PLAG20 MUSC16 BIOT 4 ZIRC 1 SPH 1 
256e¢S 6414A 315 216 W5 SS 

256-0Z 54 MICR20 PLAG20 BIOT 1 CHEQ 2 ZIRC 1 SPH 2 

256-0P 1 

257-eS 6-15 309 215 WS SCT 

257.-0Z 78 MUSC15 BICT 3 CHMG 1 CARB 2 TURM 1 ZIRC 1 
257-SPH i OF 1 

258eS 6-16 308 211 WS CGL 

258.-0Z 55 PLAG40 MmUSC 5S BIOT 1 ZIRC 1 OP 1 

259-S 6.¢16E 308 210 WS MBG 

259-Q0Z 25 BIoT 4 CHEQ 5 ACT 42 EP 20 SPH 3. SULF 1 

259eMRAD 1 HORN 9 

260-S 6-17E 307 208 W 5 AGL 

260-QZ 9 BIOT 9 CHLR 9Q ACT 9 EP 9 SPH 9 SULF 9 
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261-S 6-18 
261.-Q0Z 10 
261-SPH 1 
262¢S Je 2A 
262 -QZ 9 
262-0P 9 
263-«S Ve 2B 
263-QZ 15 
264eS Te 4A 
264-QZ 8 
264-SPH 1 
265e¢S Te 
265-02 & 
266«eS Te 
2662OZ 9 
266eMRAD 1 
267e¢S Te 4E 
267-PLAG $& 
2E8eS Fe 46 
268-PLAG15 
268-ZiIRC 1 
269e«S Te 4H 
269-QZ 10 
269.SPH 1 
2700¢S Te S 
270-QZ 9 
270eSPH 2 
271-«S Te SA 
271-CZ 56 
271-¢AP 1 
272¢S 9. 1C€ 
272¢CZ 28 
273-«S Ge IF 
273-¢TALCES 
274-eS Ge 2D 
274.QZ 55 
274e¢SPH 1 
275e¢S Ge 2L 
275-QZ 78 
275«SPH 2 
276¢S13¢<« 2C 
276-¢QZ 73 
276-SPH 2 
2772eS13<« 5C 
277-QZ 76 
278-S14. 4A 
278-CZ 61 
278-.GRNA 2 
279eS1i4- 4B 
279-CZ 8 


304 204 W 5 MBG 


AB 42 STIL 3. CHLR 
ItiM 4 MRAD 1 
293 191 W5 sect 
BIOT 9 CHFE 9 GRNA 
2983 191 WS5 SCT 
BIOT10 CHLR S GRNA6Q9 
304 184 W 5S TFB 
PLAG44 BIOT10O0 CHMG10 
305 185 WS TFB 
PLAG20 BIOT 1 CHMG 8 
305 184 W 5 TFB 
PLAGIi3 CHMG 5S ACT 65 
306 183 W5 TFB 
CHMG S TREM70O0 EP 10 
304 183 WS TFB 
BIOT15 CHEQS5SO HORN10O 


304 183 W 5 TFB 


BIOT 1 CHFE20 HORNS8 
ILM 3 

307 184 W 5 MBX 
PLAG10 CHEQ 5 HORN8&0O 
TLMVPLS<SUEPY 1 MRAD 

307 184 WS SscT 
PLAG20 BIOT10 MUSC10 
OP 1 

188 189 ws IF 
STIL20 CUMM30 CARB20 

188 189 WS UM 
CHMG10 CC 20 DOL 

213 244 Ww 5 SS 
PLAG38 MICR 9 MUSC 5 
OP 1 

210 246 WS SscT 
PLAG 9 BIOT 1 MUSC 3 
OP 1 

296 221 W 5 scTt 
PLAG 9 MUSC20 BIOT 5 

286 235 W6 COR 
PLAG 9 BIOT12 CHLR 3 

253 381 W 6 SCT 
MUSC20 BIOT15 CHLR 1 
TURM 1 OP 1 


253 381 W 6 MBG 
OLIG35 CHEQ10 CHFE 


8 HORN40 


ZIRC 1 


TREM10 


TREM40 


15 


ALL 1 
EP 1 
1 
CHEQ 1 
AP 1 
9 OP 1 
BIOT 2 
CHMG15 
CHEQ 1 
cc 8 
EP 1 
1 ACT 45 


AP 


OP 


EP 


cc 


cc 


EP 


OP 


CHLR 


TURM 


TURM 


ZIRC 


AP 


EP 


1 


CARBI15 


AP 


AP 


cc 


ZIRC 


ZIRC 


ZIRC 


SPH 


ZIRC 


cc 
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2790AP 1 
280.814. 4c 
280.QZ 17 
281.S14. 4D 
281.02 9 
281.HORN 9 
282.S14.10A 
282-0Z 10 
282-«HORN 9 
283-S14.13A 
283.0z Sg 
283.HORN 9 
284.S14.15A 
284.0Z 8&9 
285.S14.15C 
285-0Z 9 
285.SULF 9 
286.S14.16A 
286.0Z 9 
286-SULF 1 
2870S14.17A 
287.0Z 40 
287¢SPH 4 
2882S14.17B 
288.0Z 90 
288.SPH 1 
289.S14.17C 
289.0Z 84 
289.SPH 1 
290.S14.17D 
290-0Z 8 
290.SULF 1 
291.S14.17E 
291.0Z 69 
292-S14.17F 
352267,6472 
292.zIRC 1 
293.S814.17G 
293.0Z 9 
293-SULF 2 
294.814.21A 
294.02 g 
294.HORN 9 
295.S14.21B 
295.Q0Z 32 
295.0P 2 
296.S514.22A 
2296.0Z 28 
297.S15. 1A 
297.SERP 9 


IIM 2 HORN 9Q9 
253 382 W 6 MBG 


SULF i 


BIOT 1 CHMG 7 HORN70O SPH 1 
253 382 W 6 MBG 
PLAG20 CHEQ 1 ACT 72 EP 2 
SULF 1 ALL 1 MRAD 1 
248 397 W 6 MBT 
PLAG 9 CHEQ 1 ACT 70 EP 16 
238 403 W 6 MBT 
PLAGIO CHEQ 4 ACT 64 EP 17 
237 414 W 6 SCT 
PLAG 9 CHEQ 4 HORN 4 ZIRC 
237 414 W 6 AGL 
PLAG 9 BIOT 9 CHLR 9Q ACT 
HORN 9Q9 
238 422 W 6 MBT 
PLAG10 BIOT 1 CHEQ10 ACT 53 
HORN 9 
236 424 W6 SCT 
PLAG 9 BIOT30 CHLR25 EP 
236 424 W6 SS 
PLAG 9 BIOT 4 CHEQ 1 MUSC 4 
OP 1 
236 424 W6 SS 
PLAG 1 MUSC 2 Bi0T10 CHLR 
OP 2 
236 424 W 6 MBG 
PLAG17 BICT 7 CHLR 6 EP 7 
HORN 92 ALL 1 
236 424 W6 SS 
PLAG13 BIOT 4 MUSC 4 AP 
236 424 wWwé6 SS 
PLAGi5 MICR 8 MUSC 5 BIOT 4 
SPH 1 OP | 
236 424 W 6 MBT 
PLAG17 BIOT10 CHEQ 1 ACT 61 
HORN 9Q 
227 438 W 6 MBT 
PLAG15 CHEQ 5 ACT 50 EP 25 
227 438 W 6 TFB 
PLAG 8 BIOT 1 CHEQ30 EP 5 
MRAD 1 
231 439 W 6 SCT 
PLAG28 BIOT10 CHEQ 3 MUSC30 
220 441 W 7 UM 
CHEQ 9 TREM 9 CPX S CARB 


ILM 5S MRAD 
ILM 3 £4SPH 
cc 1 SPH 
SPH 4 SULF 
SPH 1 OP 
EP 9 SPH 
EP 20 SPH 
ACT 1 cc 
ZERCW Ie AP 
EP 1 ZIRC 
ACT 49 SPH 
ZIRC 1 SPH 
cc 1 AP 
EP S SPH 
SPH 4 SULF 
CC 20 SPH 
EP 1 GP 
oP 9 
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LED LDL LLM LL LL we ww Ow om = 


298-Si5~- 1B 
298-eSERP 9 
299-S15. ic 
299.SERP 9 
300-815. 1D 
300.-0L 9 
300-.0OP 9 
301-S15. if 
301-SERP @ 
301.CPX 2 
302¢S15- 2A 
302.-CUMM 9 
303-S15-. 2B 
303-OLIG 9Q 
304-S15- 2C 
304.-OLIG 8 

3905.S15. 2D 
305-QZ 9 
305-eSULF 1 
306-eS1S. 2E 
3062CZ 9 
306-SULF 1 
307-¢S15- 2F 


307.QZ 9 
307-0P 1 
308-S1iS-e 2G 
308-GZ 8 


308-.SULF 1 
309-S15. 2H 
309.-CLIG 7 
310.815. 21 
310.PLAG 7 
311.S15. 2K 
311.QZ 9 
311.HORN 9° 
312.S15. 2L 
312.-AB 20 
312-MRAD 1 
313-S15« 2M 
313.0Z 10 
313.-MRAD 1 
314.815. 2N 
314.-QZ 9 
315.Si5- 2P 
315.QZ 97 
316-S15- 2R 
316-0Z 8&0 
316-TURM 1 
317-S15- 2S 


9 SERP 
SPIN 8 


CHLR 9 AMPH 
220 444 W 7 
TREM 9 AMPH 
220 444 W 7 
CUMM 
220 444 W 7 
BIOT 3 ACT 45 


220 445 W 7 MBG 
BIOCT S ACT SO 
MRAD 
220 445 W 7 MBG 
BIOT 2 ACT 60 
MRAD 
220 445 W 7 MBG 
BICT 2 CHMG16 


PLAG 5 
HORN 9Q 


OLIG 5 
HORN 9 


OLIG10 
HORN @Q MRAD 
220 445 W 7 MBG 
OLIG 7 
HORN 9 ZIRC 


220 446 W 7 
CHEQ 3 ACT 58 EP 
220 446 W 7 MBG 


ACT 60 EP 


220 446 W 7 MBG 
1 ACT S6 


AB 40 BIOT 


220 447 W 7 
ACT 58 CHEQ 3 


BIoT 1 


220 447 W 7 MBG 
AB 8 BIOT10 


220 448 W7 


AB 15 CHMG 


PLAG 9 PHLO 


220 449 W 7 COR 


444 W 7 UM 


9 TREM 9 AMPH 


INCO 9 CHEQ 


9 CHMG 


25 


30 


CHEQ 8 


1 ACT 62 
220 448 W 7 COR 


PLAG 9 BICT S CHMG 1 


SPH 3 RUTI 


220 449 W 7 COR 


9 


9 


9 


1 


1 


PLAG 7 BIOT 9 CHMG 9 
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AMPH 


OP 


EP 


ZOIS16 


EP 20 


EP 21 


ACT 40 


ACT 61 


EP 15 


ACT 49 


OL 9 
OPX 8 
TREM 9 
SPIN 8 
SPH 9 
SPH 3 
ZOIS1i8 
ZoO1Isio 
EP 30 
EP 30 
OP 1 
OP 1 
SPH 4 
SPH 3 
EP 20 
SPH 3 
SPH 2 
EP Aa 
GRNA 9Q 


OZ 


OL 


SPH 


SPH 


SPH 


SPH 


MRAD 


MRAD 


MRAD 


KORN 


SPH 


MRAD 


GRNA 
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Table 19. 


317.ZIRC 9 
318.S15. 4A 
318.czZ 20 
318.0P 4 
319.815. 4D 
319.0zZ 18 
319.0P 1 
320.S15~. 4E 
320.0Z 48 
321.S15. 4F 
321.PLAG 1 
322.S15. 46 
322.CHMG10 
323.815. 4H 
323.AB 1 
324.815. 41 
324.PLAG 4 
324.SULF 1 
325.815. 
325«PLAG 4 
325.eSULF 1 
326.S15. 4M 
326 «CHMG20 
327.815. 4N 
327-CHMG25 
328.S15. 4P 
328.TALC 1 
329.815. 40 
329.TALC 1 
330.S15. 4R 
330.CHMG32 
331.815. 4T 
331.PLAG20 
332.S15. 4V 
332e-PLAG 5 
333.815. 6C 
333.0Z 55 
334.815. 6D 
334.02 9 
334.SULF 1 
335.815. 7A 
335.0z 50 
336.S16. 1A 
336.0Z 30 
336.AP 1 
337.S16. 1C 
337.QZ 78 
338.S16. 1D 
338.0Z 40 
339.S16. 1E 
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452 W7 
9 BIOT 3 


442 Ww 7 
9 BIOT 
SULF 8 
443 Ww 7 
8 BIOT 7 
443 w7 
1 CHMG15 
218 443 w7 
ACT 81 EP 4 
218 444 w7 
CHMG1S5 ACT 73 
218 444 w 7 
BIOT 3 CHMG 5 
MRAD 1 
218 445 w7 
BIOT 1 CHMG 8 
HORN 9 
218 445 w7 
ACT 76 SPH 3 
218 445 w 7 
ACT 63 CARB10 
218 446 W7 
CHEQ20 TREM72 
218 446 W 7 
CHLR20 TREM74 
218 446 W7 
ACT 60 CARB 4 
218 446 W 7 
CHLR 8 HORN6O 
218 457 Ww 7 
CHMG10 ACT 70 
217 461 W 7 
BIOT10 MUSC20 
217 461 W7 
PLAG10 BIOT25 
HORN 9 
217 461 W7 
CHMG15 TREM15 
221 492 W1a 
MICR 5 OLIG5O 
ZIRC 1 OP 
221 492 Ww 8 
PLAG 9 BIOTI0O 
221 492 W 8 
BICT10 GRNA25 
221 492 w 8 


1 CHEQ 7 


GWK 
CHEQ 1 ACT 30 
MBX 

ACT 40 


SCT 
MUSC20 
MBT 
TREM79 
MBT 

SPH 5 
MBT 

EP 8 
MBT 
ACT 61 


MBT 
ACT 72 


UM 

OP 4 
MBT 
EP 
MBT 
EP 
SCT 
EP 5 
MBT 
CHMG 1 


10 


TFI 

EP 5 
GNS 
BIOT 1 


SCT 

cc 
SCT 
CARB 1 
Cip 


10 


EP 38 
EP 30 
OP 25 
SPH 3 
HORN 9 
CARB 5 
EP 10 
MRAD 1 
SPH 4 
EP 20 
oP 15 
CHFE 7 
MRAD 1 
AccS 1 


360 


SPH 4 
SPH 4 
MRAD 
SULF 
SPH 5 
SPH 5 
SULF 1 
SPH 3 
cc 1 
OP 
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Table 19. Cont'dee.e 

339.QZ 9 PLAG15 BIOT 5 CHMG 1 AMPH60 DOL 13 EP 1 
339-MRAD 1 RUTI 1 #£4OP 1 

340.-S16. iF 221 492 Ww 8 SscT 

340.02 9 PLAG 9 BIGOT 98 CHLR 9 GRNA_ 9 CC +S OP 9 
341.S16. 1G 221 492 w 8 cIP 

341-02 30 PLAG 9 BIOT 2 CHMG 5S AMPHSO EP 2 CC 10 

341.AP 1 RUTI 1 PO 1 

342-S16. 1H 221 492 Ww 8 SCT 

342.-Q0Z 70 PLAG 9 MUSC1O BIOT1S5 GRNA 2 TURM 1 AP 1 
342.RUTI 1 OP 2 

343.Si6. 1K 221 491 W 8 AMP 

343-OZ 9 PLAG15 BIOT 1 CHMG 1 HORN77 EP 1 CARX 6 

343-RUTI 1 SULF 1 MRAD 1 

344-S16- 1M 221 491 ws scT 

344.0Z S58 PLAG 9 BIOT 5 CHMG 5 EP 5 CARX20 AP 1 

344.RUTI i PO 15 

345-S16- iP 221 491 W 8 AMP 

345.0Z 9 PLAG1S CHMG 1 HORN72 ALL 3 CARX 7 SPH 1 
345.1ILM 3 

346-S16- 10 221 491 W 8 CST 

346.Q0Z 35 PLAG 9 BIOTI5 CHMG 3 CC 20 DOL 9 INCO 7 

346.-AP 1 MRAD 1 RUTI 1 PO 20 GRPH 9 

347-S16. 1R 221 491 WS AMP 

347.-0Z 10 CHMG 1 HORNS8S' ALL 2 SPH 2 ILM 1 

348.S16. 2B 220 491 W 8 SCT 

348.0Z 66 PLAG 9 MUSC20 CHMG 2 BIOT10 TURM 1 ZIRC 1 

3248.C0P 1 INCO 1 

349.S16-. 2E 220 491 W 8 SCT 

349.QZ 32 BIOT32 CHMG 32 DOL 33 CC & AP 1 oP 1 
350-8164 3C 217 489 W 8 AMP 

350.90Z 15 CHEQ 1 HORN72 GRNA1O AP 1 ILM 2 ALL 1 
350.-ZIRC 1 

351.816. 3D 217 489 W 8 SCT 

351-0Z 73 PLAG 9 BIOT20 CHMG 1 EP 3 GRNA 2 TURM 1 

351.AP 1 OP 1 INCO 1 

352-S16- 3E 216 487 W 8 AMP 

352-ePLAG 1 CHMG10 ACT 87 CARB 1 ACCS 1 MT 1 

352-BIOT 1 RUTI 1 MRAD 1 

353-S16-. 3G 216 487 W 8 AMP 

353-QOZ 9 PLAG20 CHMG 2 CUMM25S HORNSO IitM 3 SULF 1 
353.e-MRAD 1 

354.-S16-. 4A 215 485 W 8 AMP 

354.PLAG25 CHMG 1 HORN68 ALL i “SPH, 3 ILM 3 SULF 1 
355-S16-. 4B 215 485 W 8 AMP 


355-QZ 9 PLAG20 HORN73 EP 4 SPH 2 SULF 1 
356.-S16. 4C 215 485 W 8 AMP 
356-0Z 9 PLAG 5 CHMG 1 HORNSS ALL 1 _= SPH 1 tL 6S 
357-816. 4D 214 484 Ww 8 AMP 
357.QZ 9 PLAGIS CHMG 1 HORN77 ALL 2 CARX 2 SPH 1 
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Table 19. 
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358.S16. 4F 
358.0Z 8&2 

358.SULF 5 

359.S16. 41 
359.0Z 1 
359.SPH 1 
360.S16. 4L 
360-0Z 17 

360.MRAD 1 
361.S16. 4N 
361.QZ 20 

361.ILM 4 

362.S16. 4P 
362.QZ 9 
362.EP Th 
363.S16. SA 
363.0Z 9 
364.S50. 15 
364. PLAG20 

365«S50. 7B 
365ePLAG 1 
365.0P 1 
366eS50.13C€ 
366.0Z 25 

367eS51~. 1B 
367. PLAG30 

368eS51-. 7A 
368.QZ 9 
368.SULF 1 
369-S51.12B 


369-QZ 1 
369.0P 1 
3702S51.12C 
370-QZ 1 
370-ALL 1 
371-eS53- 2A 
371-QZ 51 
371.«OP 1 
372-«S539- 2C 
372-Q0Z 38 
372-¢ZIRC 1 
373-S53-4 2D 
373eQZ 2 
373 «OP 1 
374-S536~6 2E 


374.QZ 67 
374e-MRAD 1 
375-S53- 2F 
375-QZ 72 
375-O0P 1 


213 484 W 8 SCT 
BICOT10 CHEQ 1 GRNA 

212 483 W 8 AMP 
PLAG1S BIoOT 1 CHMG 
IiM 5 

211 483 W 8 CST 
PLAG 3 CHMG 5 HORNiO 

210 482 WS MBY 
PLAG 3 BIOT 1 CHMG34 


SULF 1 

209 482 W 8 AMP 
PLAG15 HORN75 CARB 5 
INCO 7 SULF 1 


208 481 W 8 AMP 
PLAG1S HORN73 CARX 6 
614 544 E 2A DIA 
HORN3SO CPX 18 GRNA20 
634 508 E 1C CIP 
SCAP20 PHLO20 CPX 20 
619 468 E 6 CST 
CUMM47 HORN 5 CPX 20 
677 541 E 2A DIA 
HORN3GS CPX 15 GRNAI5S 
670 519 E 1B AMP 
PLAGi17 HORN6S5-~ EP 3 
MRAD 1 
670 501 E 6 CIP 
SCAP & PHLO10 CHMG 1 
671 500 E 4 SCT 
MICR20 PLAG1S SCAP10 
AP 1 SPH 1 oP 2 
498 427 E 4 ScT 


MICR 9 PLAG 9 BIOT3O 
TURM i1 

498 426 E 4 SCT 
PLAG3S2 BIOT 8 CHLR 5 
OP 2 

498 425 E 6 CIP 
MICR 1 PHLO S CHMG 1 


4 SscT 
BIOT 5 


500 424 E 
PLAG1O0 MUSC 5 
AP 1 OP 1 

500 424 E 8 SCT 


AB 15 BIoTtT 4 MUSC 4 


1 CARB 2 
1 HORN78 
64 


cc 


HORN3S5 


CARX 8 


TALC 1 


BIOT20 


ALTR 1 


GRNA15 


CARX10 


TREM 3 


CHEQ1I0O 


ZIiIRC 1 


AP 1 


CARB 9Q 


CARB 7 


SPH 1 


SPH 4 


OP 2 


AP 1 


OP 3 


SPH 3 


TREM10 


EP 1 


TURM 1 


cc 88 


GRNA 2 


SPH 1 
ALL 1 
OP 1 
ALL 1 
ILM 5 
ILM 2 
SPH 1 
ILM 4 
DOL 77 
CORD 8 
MRAD 1 
AP 1 
DOL 9 
TURM 1 
AP 1 
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Table 19. 


376-e¢S53- 3B 
376-¢PLAG37 
377-¢SS3-e 4A 
377-GZ 9 
377.1ILM 6 
378eS53- 4B 
378eQZ 44 
378-SULF 5 


379«e«SS3e SA 
379-QZ 8&6 
380eS53e 6A 
380-AB 25 
380-ILM 5 
381.S53~. 6B 
381-Q0Z 25 


381-1LM 2 
382.-S53-11E 
3822¢OZ 1 
383eS54-. 2A 
383-0Z 1 
383-RUTI 1 
384-S54-. 2B 
384-QZ 9 
384.-SULF 1 
385-S54. 3 
385-QZ 70 
S86eS55< TA 
386-CHMG20 
387-S55-e 7D 
387-QZ 25 
387-ZIRC 1 
388-eS55-e 7G 
388.PLAG48 
389-S55- 7H 
389.QZ 1 
390-SS65- 14 
390.PLAG40 
390-CPY 1 
391.856. 1B 
391-Q0Z 45 
391.0OP 1 
392eS57-. 1B 
392.BI0T15 
39O3eSS7. 2A 
393-QZ 2 
39IePY 1 
394.SS58. 3B 
394.-Q0Z 40 
395e«S59. 3A 
395.CHMG17 
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506 422 E 7 
HORN60 SPH 3 
$12 418 E 7 

PLAGI1S5S BIOT 


§14 417 E 7 
PLAG1O BIOT 1 
MT 5 MRAD 

522 414 E 7 
HCRNIiO CHEQ 2 

528 408 E 9 
CHMG10 HORNSO 
CPY LOOPY 

$28 407 
PLAG 


E 9 
9 HORN6S 


547 400 E10 
PLAG7O MUSC15 
786 419 E 2A 
PLAG35S SCAP 3 
CARB i ILM 
785 425 E 1B 
PLAG25 SCAP15 
RUTI i ILM 
780 431 E 1A 
PLAG 9 SCAP10 
796 453 E 1B 
HORNS7T EP 20 
791 460 E 1A 
PLAG2O0 HORN3O 


788 459 E 1A 
BIOT48 CUMM 2 
785 460 E 1B 
PLAG3O HORN4O 
749 463 E 1A 
BIOT 6 CHMG11 


749 460 E 1A 
PLAG 9 BIOT20 


686 286 E 5 
CHMG 5 ACT 80 
689 285 E 1 
PLAG23 BIOT20 

CPY 1 
539 269 E 3 
BIOT15 CUMM20 
474 382 E 5 
TREMSO CARB 3 


AMP 
AP 8 
AMP 


1 HORNSS 


AMP 
CHEQ 1 
1 

SCT 
OP 2 

AMP 
ANTH10 


AMP 
ALL 3 


FLS 
BIOT12 
DIA 
HORN32 
PO 5 
AMP 

CHMG 1 
1 MRAD 
GNS 
BIOT10 
AMP 

OP 3 
GNS 

ALL 4 


GNS 

AP 1 
AMP 

CPX 30 
GNS 
ANTH40 


GNS 
MUSC10 


ACT 
MRAD 1 
XX 
CARX40 


IF 
GPRNA20 


ALL 


GRNA20 


HORN25 


CARB 3 


CHMG 


CPx 10 
CPY 


HORNS8 
1 


EP 10 


GRNAI5 


ALL 2 


KY 15 


INCO10 


CARB 2 


363 


ILM 1 

CARB 3 ALL 1 
GRNA 4 CARX 5 
MRAD 1 AP 
MRAD 1 SPH 2 
SPH 3 ZIRC 
GRNA1S SPH 3 
ALL i SPH 2 
AP 1 

SPH 3 OP 3 
ZIRC 1 

ILM 1 PY 
GRNA10 ZIRC 
ALL 2 MT 2 
MRAD 1 OP 3 
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396eS59- 3B 
396-.TALC108 
39T7e¢S59e 4A 
397.BIOT29 
398-S59. 4B 
39&-TALC15 
399.-S59. 4D 
399. CHMG24 
400.S59. 4E 
400.TALC33 
401.S59. 4F 
401.TALC25 
402.S589. 4G 
402.Q0Z 5S6 
402.0P 2 
403.859. 43 
403-.QZ +S) 
403-0P 50 
404.S59. 4M 
404.QZ 69 
404.TURM 1 
405-SS59- SA 
405.QZ 10 
40Se-ILM 4 
406-S59- SB 
406-QZ 48 
406-0P 2 
407-SS9. 7 
407-¢PLAG40 
408-S60. iP 
408.PLAG65 
408-ILM 2 
409.S60.10 
409.QZ 20 
410.-S61. 2A 
410.QZ 35 
411.S61-. 2B 
411.Q@zZ 30 
411-MRAD 
412.S61- 
412.QZ 
412.O0P 4 
413-S61-. SA 
413.CHMG45 
414.S61~- SB 
414.SERP15 
415-eS61- SC 
415.SERP20 
416-S61-¢e SF 
416.SERP55 


1 
4 
10 


474 382 E 5 
CHMG15 ANTH25 
458 386 E 5§ 
TREMN70O0 OP 
458 386 E 5 
CHMG10 TREM70 
458 387 E 5 
TREM7S CARB 1 
458 387 E 5 
ANTH33 CARB33 
458 388 E 5 
CHMG22 ANTH25 
458 390 E 4 
MUSC25 BIOTi0O 


1 


458 391 E 7 


UM 
CARB 
UM 


UM 

OP 
UM 

OP 
UM 

OP 
UM 

DOL 
SCT 

GRNA 


FLS 


PLAG 93 MUSC 9 BIOT 


458 392 E 7 
MICR 
AP 4, OP 
458 394 E 7 
CHMG 1 HORN76 
SULF 2 

458 395 E 7 
MUSC30 BIOT10 


468 413 EQ 
HORN4S EP 12 
§28 394 E 9 
BIOT 1 CHMGI5 

cP 1 

541 398 E 9 
PLAGS5 BIOTI5 

539 394 E 9 
BIOT 8 ACT 10 

539 394 E 9 
BIOT20 AMPH 


543 385 E11 
PLAG1O MICR 


542 387 E11 
ACT= 50 “OP 
542 387 E11 
CHMG30 TREMSO 
542 387 E11 
CEMG25 TREMS2 
543 388 E11 
CHMG10 


5 


SCT 


8 PLAG 9 MUSC 


AMP 
ALL 


SCT 
CHMG 


AMP 
SPH 

TFB 
ACT 


TFI 
EP 
TFI 
EP 
TFI 
EP 


AMP 


UM 
HORN 
UM 
OP 
UM 
OP 
UM 


50 


1 


1 


25 


4) 


5 


3 


15 


7 


5 


20 


8 BIOT20 


5 


3 


CHEQIO TREM20 


9 


o 


wd 
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OP 1 

ANTH 5 

SID S OP 3 

TURM 1 ZIRC 1 MRAD 1 
CHMG 9 EP 9 SPH 9 
BIOT20 cc 10 CARB 9 
GRNA 3 CARX 5 SPH 2 
STAU 5 TURM 1 ALL 1 
PO 1 PY 1) CRY 1 
AP 1 ZIRC 1 SULF 2 
ZOIS 3 OP 1 

ZOIS32 SPH 1 OP 10 
ZOIS30 CHMG 1 SPH 1 
ACT 20 CPX 30 ALL 6 
OP 5 
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Table 19. Cont' dee. 

417.S61. SL 545 389 E11 UM 

417.-CHMG20 TREM75 Op 5 

418.S61. 5M 545 389 E11 UM 

418.-BIOT 32 CHMG15 TREM75 op 7 

419.-S61. SP 547 390 F11 MBG 

419.QZ 8 PLAG25 BIOT 1 ACT S50 EP 20 SPH 3. SULF 1 
419.MRAD 1 

420.S61-. 5R $47 390 E11 MBG 

420.QZ 8 PLAG{S BIOT 1 ACT 73 EP 10 SPH 2 SULF 1 
420-MRAD 1 

421.S61-. 6C 549 392 Ei1l UM 

421.-CHMG30 TREMS58 OL 2 ‘GPX 5S OP 5 

422.S61. 6D 550 393 E11 MBG 


4222QZ § PLAGi3 HORN72 EP 13 SPH 1 SULF 1 MRAD 1 
423-S61. 6F 551 394 E11 MBG 

423-QZ 9 PLAG1Q CHMG10 ACT 37 EP 40 SPH 2 £SULF 1 
424.S61-. TA 554 398 E11 MBG P 

424-PLAGiIS ACT 68 ZCImsi5 SPH 8 PO Lt CRY 1 

425-S61. 7B 555 398 Eii MBG P 

425-PLAG10 HORN75 EP © SCARX S AP S.SPH 72) PO 3 


425.CPY 5 

426-S61-. 7D 556 399 E11 MBG 

426-OL1IGiS HORN72 EP 4 CARB 3 SPH 5 PO 1 CPY 5 
426-ePN 1 

427-S61. TE 557 399 E11. UM 

427-CHMG30 TREM68 OP 2 .INcO 1 

428-eS62- 2A 569 393 E11 MBG 

428-CHMG 1 HORNS7 EP 1 SPH 2 

429.S62- 2B 569 393 E11 MBG 

429.cZ 20 MICR 9 PLAG 9 CHMG 1 MUSC 1 HORN 2 EP 5 
429.SPH 1 PELMG 16 Zheceit 

430-S62. 4A 571 400 E11 UM 

430eCHMG35 TREM60 ALTR 5S MT 15 ILM 1 PO 1 

430-PN ti, CPY R71 

431.S63. 1B 634 508 E 1A GNS 

431.QZ 9 MICR3S PLAG15 BIOT 8 TREM10 CPX 15 EP 1 
431.CC 64 SPHOG1 160P i MRAD 1 

432.-S64. 6A1 554 408 E 9 MBT 

432ePLAG25 HORN2O0 EP 35 SPH 5 CPX 15 

433.S64. 6A2 554 408 E 9 MBT 

433-PLAGS5S HORNI8 CPX 10 EP 10 SPH 7 

434.S64. 6A3 554 408 E 9 MBT 

434.PLAG35 HORN S CPX 20 EP 29 ‘SPH 6 

435.-S64- 6B 554 408 E 9 MBT 

435.PLAG45 CPX 35 EP 13 CARB 1 SPH 7 


436eS65~6 1 667 504 E 1A GNS 

436.0Z 15 MICR 5 PLAG4O0 BIOT 3 CHFE1S mMUSC 1 HORNIS5 
436.CPX 3 EP 9 SPH 2 SULF 2 MRAD 1 

437-S65~. 2 721 478 EQ AMP 


437ePLAG3O HORN40 CPX 27 EP 1 SPH Wf ‘SULF 2 
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PS SS SOO OP OS OSS SO 


469 388 E 5 UM 


43 &8&-S66- 1A 
438.CHMG 3 
439eS67- 4A 
439.QZ 54 
439.SPH 1 
440.S67. 4B 
440.0Z 10 
440.SPH i 
441.S67. 4C 
441.QZ 9 
441.0P 3 
442.S67. 4D 
442-CHMG10 
443.S67. 4L 
443.QZ 9 
443.-11M 15 
444.867. 5A 
444.Q0Z 77 
444.0P 1 
445.-S67- SB 
445.QZ 80 
445.0P 3 
446-S68. 1B 
446.QZ 10 
446-CARB 1 
447.-S68. 4A 
447.-QZ 59 
448.-S68e 4C 
448.0Z 5 
449.S68. 7C 
449.QZ 52 
450.S68.14C 
450.0Z 76 
451-S68.18A 
451.02 9 
451.-HCRN 9 
452-S68-19A 
452.STILEO 
453-S68-20A 
453.QZ 9 
453-SPH 4 
454.S70. 5 
454.-QZ 70 
455-«S70. 7 


455-O0Z 8 
455.HORN 9 
456eS72- 1A 
456.QOZ +S 


456-SPH 8 
457.S72. 1B 


TREMSOS 

486 
MICRiO 
OP 1 


CARB 1 


426 E 4 


PLAG10 


486 426 E 6 


PLAG10 


PHLOI1S 


486 426 E 6 


PLAG3O 


BIOT10 


486 426 E 5 


TREM83 


CARX 5 


487 427 E 4 


PLAG15 

CARB10 
465 

PLAG 


462 
MICR 


232 
PLAG40 
AP 1 


BIOT 1 
SULF 5 


435 E 4 
9 MUSC10O BIOT10 


435 E 4 
S PLAG 9 MUSC 1 


100 W 2A 


MUSC 1 
SPH 4 


229 104 W 3 


BIOT 5 


CHEQ10 


229 104 W 3 
STIL 5 CUMM65 
209 111 W 3 
PLAG 9 MUSC30 
196 160 W 4 
PLAG 9 musc10 
187 165 W5 


PLAG10 


CHLR 5 


186 166 WS5 


AMPH & 


ILM 1 


OP 2 
SCT 
MUSC 5 
CST 
CHMG 1 
CST 
CHEQG i 
UM 

OP Be 
AMP 
CHLR 3 
SCT 


SCT 


DIA 
BIOT10 
OP 2 
IF 
GRNA 4 

IF 
CARX15 

SCT 
BIOT 5 

SCT 
BIoT 5 

MBG 
ACT 65 

IF 
SPH 1 


186 168 WS MBG 
PLAG 7 BIOT 6 CHMG 5 


PO 


5 CPY 


207 178 W5 
PLAG10 mMUSC1O BIOT 1 
183 195 W 6 MBG 


PLAG3O 


CHEQ 3 


5 HORN 9 


FLS 


ACT 47 


163 346 W 6 MBT 


PLAGI5 
SULF 1 


BIOT 5 
HORN 9 


163 347 W 6 


CHEQ10 
MRAD 
SCT 


BIOT10 


TREMIS5 


HORN20 


QZ 


HORN67 


CHEQ 1 


BIOTI5 


CHEQ10 


CARX10 


15 


ACT 48 
1 


CHEQ10 


AMPH 1 


CARB33 


AP 1 
OL 1 
OP 12 
SID 5 
cc 3 
SPH 5 
EP 20 
GA 5 
SPH 5 
EP 8 
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ZiIRc 1 
CARB48 
SPH 3 
SPH 1 
AP 1 
ZIRC 1 
EP 20 
OP 3 
OP 1 
SULF 1 
TURM 1 
SP 5 
SULF 1 
cc 5 
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457.QZ 66 
457.0P 2 
458-S72- 2A 
458.QOZ 75 
459-eS72. SA 
459.-PLAG §S 
460.S72. SB 
460-SERP30 
461-S72. SC 
461.SERP45 
462.S72. SD 
462-SERPE6é2 
463-S72. SE 
463.SERP15 
464.S72. 6A 
464.QZ 9 
464.P0O 3 
465-eS72- &A 
465.TREM83 
466-S72- &B 
466.SERP30 
467-¢S73- 1A 
467.QZ 35 
467-SPH 4 
468eS73. 2B 
468.QZ 46 
468.CARB 9 
469-S73- 2C 
469-QZ 30 
469-SPH 3 
470.-S73. 3B 
470.0Z 70 
471«S73-. 6A 
471.PLAG1I5 
472-«S73-e YA 
472-QZ 48 
472-SULF 4 
473eS73- OB 
473-QZ 54 
473-SULF 1 
474.S73-11C 
474.PLAG10 
475.-S73-11E 
475eQZ 25 
476.S73-11G 
476-QZ 9 
477.-S73-11H 
477-OZ 9 
477.HORN 9 
478.-S73-11I 


PLAG1S MUSC10 
CHMG30 
CHEQ25 
CHEQ20 
CHMGi5 CPX 
CHMG10 


PLAG 7 


AMPH 9 CHEQIS 
CHEQ30 TREM34 
PLAG 
PLAG 9 BIOT10 
TURM 


PLAG 9 BIOTI5 


PLAG 9 MUSC 2 
ACT 78 


PLAG 9 MUSC13 


PLAG 9 CHEQ17 


CHMG10 
PLAG 
PLAG 7 CHMG10 


PLAG10 


PLAG 9 BIOT 8 CHEQ10 


163 346 W 6 SS 
SPH 
UM 
EP 3 
UM 
AMPH10 
UM 
CPx 5 
UM 
OPX 
159 340 W 6 UM 
OL 40 CPX 26 

155 342 W 6 MBT 

BIOT 2 CHEQ 5 
5 CPY 5 HORN 
156 334 W 6 UM 

SPH 
UM 

CARB 1 
92 535 WS SscT 

9 MUSC10 BIOT 4 
2 
90 533 W 8 


161 343 W 6 
TREMS9 
161 343 W 6 
TREM3O 
1660 342 W 6 
OL 5 
160 341 W 6 


156 334 W 6 


SCT 
CHMG 3 
1 OP 7 
SCT 
CHMG20 
1 cc 15 
SCT 
BIOT20 
MBG 
SPH 2 
FLS 
BIOT12 


1 RUTI 
90 532 W 8&8 


3 RUTI 
90 530 W 8 


89 520 W 8 
EP 5 
90 514 W 7 


TFI 
HORN 7 


90 514 W 7 


MBG 
AMPH 5 
MBG 
EP 
MBG 
ACT 40 
88 511 W 7 MBG 
CHEQ 1 ACT 
MRAD 1 SULF 9 
8g 510 W 7 MBG 


89 512 W 7 
ACT 45 
89 511 W7 
9 CHMG40 
88 511 W 7 


10 


80 


1 


8 
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EP 10 
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SPH 3 
OP 5 
OPX 5 
OP 8 
OPX 2 
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OP 2 
OP 5 
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EP 6 
ILM - 
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EP Ss 
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Table 19. Cont'deee 


_——Se Se OP OS OO OO Owe 


478.QZ 9 AB 20 CHEQ 5 ACT 45 EP 25 SPH 5 AP 1 
478.CC 1 HORN 9 MRAD 1 

479 «S73.-13 86 511 W 7 TFBC 

478 -QZ 9 PLAG20 MUSC30 PARG 8 CHFE 3 CARB40 SULF 5 
480eS74. 4A 94 474 W 7 MBT 


480.PLAG 5 TREM42 CHMG10 MUSC30 SPH 3 PO 8 PN 1 
480-CPY 1 

481.S75.e SA 178 338 W6 MBG 

481.PLAG20 BIOT10 CHEQ 7 ACT 44 EP 15 SPH 4 MRAD 1 
482-eS75- TA 179 318 W 6 MBT 

482.-PLAGiS CHEQ S ACT 51 EP 25 SPH 4 SULF 1 HORN 1 
483-S75. 7B 179 319 W 6 MBG 

483-PLAG20 BIOT 1 ACT 50 EP 25 SPH 5 SULF 1 HORN 9 
484.S75. 8A 163 312 W 6 MBX 

484.0Z 4 PLAG1O0 BIOT 5 CHEQ 1 ACT 34 EP 40 SPH 6 
484.CC 1 SULF 1 HORN 9 

485.S75- GA 164 314 W 6 MBG 


485.AB 20 CHFE10 STIL10 HORNS51i EP iy SPH. 8, - OP 1 
48S-eMRAD 1 

486.S79. 1 250 463 W 7 MBT 

486-AB 5 BIOT 2 CHMG 3 ACT 79 EP 10 SPH 1 CC 1 
486eMRAD 1 

487.-S79. 2 246 465 W 7 MBG 

487-QZ 9 AB 40 CHMG i ACT 52 EP 3 SPH 4 ILM 1 
487-HORN 9 MRAD 1 

488.S79. 3A 254 456 W 7 MBG 

488.0Z 9 PLAG26 ACT 50 EP 20 SPH 4 HORN 9 
489.S79. 3B 254 456 W 7 MBG 

489.QZ 9 PLAG20 acT 5S EP 20 SPH 4 SULF 1 HORN 9 
490.S7&. 4 251 453 W 7 MBT 

490.Q0Z 9 PLAG1S ACT 61 EP 20 SPH 4 SULF 1 HORN 9 
491.-S8Q. 1 225 454 W 7 UM 


491.TREM6&8 CHMG25 SPH 7 

492-S8Q. 2A 229 456 W 7 MBT 

492.QZ 9 PLAG1O BIOT 1 CHLR 3 ACT 75 EP 7 SPH 5 
492.CPY 1 PO 1 

493.S80. 2B 229 456 W 7 UM 

493.CHMG10 TREM78& SPH 1 RUTI 1 OP 2 

494.S81-. 7A 279 482 WSs SscT 

494.0Z 30 PLAG 9§ BIOT20 MUSC25 CHEQ 2 GRNA20 TURM 1 
494.0P 2 

495.S8i. 7B 279 481 W 8 SscT 

495.0Z 10 PLAG 9 BIOT20 MUSC33 CHMG 1 STAU 5 GRNA30 
495.GRAP 1 

496.-S81i-. GA 273 429 W 6 AMP 

496.0Z 9 PLAG2O CHEQ 5 ACT 48 EP 20 SPH 3 CARB 3 
496-ILM 1 HORN 9 SULF 1 

497.-S81.10A 266 428 W 6 AMP 

497.Q0Z 9 PLAG15S CHLR 3 ACT 57 EP 20 SPH 3 SULF 2 


497.HORN 9 
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498.S81.12A 
498.QZ 9 
498.SULF 1 
499-S82- 2B 
499.QZ 9 
499-ACT 9 
§00.S82. 
500.02 9 
500.HORN 9 
501.-S&2- 
501.QZ tS) 
501.SULF 1 
502-«S82e 
S02-QZ 9 
502eHOCRN 9 
503-S82. 5 
503.QZ 
503-SULF 
504.S82- 
504.CZ 
S04.AP 
50S.-S82- 
505.QZ 
505-HGRN 
506-S82. 
506-QZ 
506-ILM 2 
507-S&8&2- 7 
507-QZ 9 
508-S82. 
508-OZ 9 
509-S82-. 
509.QOZ 9 
509.-HORN 9Q 
A 
9 


Oo 


~] ON 
OoOrootm OP = 


510.-S8&2. 9 
510.QZ 
510.SULF 2 
511.S82. 
511.QZ 9 
511.SULF 2 
512.-S83. 1A 
512.Q0Z 50 
5$13-S83. 1B 
513.-QZ 10 
§14.e<S8&3e 2 
514.0Z §&8 
515-S83. 6A 
§15.QZ 9 
516-S83- 6B 
516.02 9 


258 433 W 6 AMP 


PLAG20 BIOT 1 
HORN 9& 
257 406 W 6 AMP 
PLAG3O HORNSG EP 10 
SULF 1 


294 409 W 6 AMP 


PLAGI15 CHEQ 2 ACT 72 
292 411 W 6 AMP 
PLAG 7 CHEQ 1 ACT 72 
HORN 9 
292 411 W 6 AMP 


PLAG 7 CHEQ 2 ACT 67 
292 415 W 6 AMP 
PLAG1Q BIOT 1 CHEQ 
HORN &Q 
291 418 W 6 AMP 
PLAG23 BIiIOT 1 CHEQ 2 
IiM 5S HORN 9 SULF 


291 418 W 6 AMP 
PLAG3S CHEQ 2 ACT 53 


290 423 W 6 AMP 


PLAG3S CHEQ 5S ACT 43 
HORN 9 
290 423 W 6 AMP 
PLAG1O0 CHEQ 1 ACT 70 
289 427 W 6 AMP 
MRAD 1 PLAG1O ACT 84 
289 427 W 6 AMP 
PLAG35S CHEQ 1 ACT 52 
SULF 1 ALL 1 
289 420 W 6 AMP 
PLAG 5 CHEQ 3 ACT 46 
HORN 9 
289 420 W 6 AMP 
PLAG1S5S CHEQ 5 ACT 59 
HORN 9 
306 476 W 8 IF 
CUMM25 CARB 9 CC 24 
306 476 W 8 CST 
CHMG45 TREM4S5S RUTI 
311 476 W 8 SS 
PLAG 1 cc 4@ SID 
298 466 W 8 AMP 
PLAG20 ACT 76 ALL 


298 466 W 8 AMP 
PLAG25 CHEQ 1 ACT 72 


CHEQ 2 ACT 44 


SPH 2 
EP fe 
EP. 55 
EP 20 
ACT 70 
ACT 61 
5 ALL 
ALL 3 
EP 5 
EP 15 
EP 4 
EP 4 
EP 40 
BPYT1S 
OP 1 
SULF 2 
MT 1 
SPH 1 
ALL 1 


EP 30 
CARB 

SPH 4 
SPH 3 
SPH 4 
EP 16 
EP 6 

1 

SPH 4 
SPH 5 
SPH 5 
SPH 4 
SPH 2 
SPH 4 
SPH 4 
POC 1 
ItM 3 
SPH 1 


SPH 3 


1 ILM 2 


SULF 1 


CARB 2 
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Table 19. Cont? deee 
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516eI1LM 2 HORN 9 
517-«S83- 7A 292 458 W 8 AMP 


517.0Z S PLAG3O BIOT 1 CHEQ 3 ACT 54 ALL 2 SPH 3 
517.CC 7 ILM 4 HORN 9 

518.S83-. 7B 292 458 w 8 AMP 

518.QZ S$ PLAG2S BIOT 1 CHEQ 8 HORNS4 ALL 3 SPH 1 


518-CARB 6 ILM 3 

519.-S83. 8A 293 456 W 7 UM 

519-TALC43 CHEOQ35 TREM 4 SPH 1 CARB. '9 cc 1S SPH 1 
519.0P 3 

520-S83- &B 293 456 W 7 AMP 

5$20.QZ 9 PLAG1S Brot 3 CHMG 2 ACT 57 EP 20 SPH 3 
520-HORN Q 

§21-.S&3. 8C 293 456 W 7 AMP 


521.QZ 9 PLAG1S ACT 70 EP 10 SPH 4 CARB 1 SULF 1 
521.-HORN 9 MRAD 1 

§22.-S83.10 288 455 W 7 MBT 

522-QZ 1 PLAGiO CHEQ 1 ACT 81 EP 5S SPH 4 SULF 1 
522eHORN 9&9 MRAD 1 

523e«T 3. § 252 456 W 7 MBX 

5§23-QZ 9 PLAG1O BIOT 3 ACT 68 EP 15 SPH 4 HORN 9 
524-eT 32. & 251 464 W 7 MBT 

524-PLAG 5 CHMG 3 ACT 72 EP 15 SULF 1 INCO 5 HORN 9 
524eMRAD 1 

§25-T 3.215 248 460 W 7 MBT 

52S5.PLAG 8 CHMG 3 ACT 71 EP 15 SPH 3 SULF 1 HORN 9 
526eT 5S- 5S 238 462 W 7 MBT 

526-PLAG25 CHMG15 ACT S5S_ EP 3 SPH 2 SULF 1 

S527-T Se 6 238 462 W 7 MBT 


527-PLAG15S CHEQ 2 ACT 61 EP 15 SPH 4 CARB 3 SULF 1 
527eHORN 9Q 

528-S16. 1B 221 492 W 2B RGL 

528e0Z 50 BIOT20 MUSC25 GRNA S ZIRC 1 SPH 1 MRAD 1 
528-0OP 1 

529-S73- 3A 90 530 W 8 CIP 

529.0Z 45 PLAG 9 BIOT 4 HORN 5 CC 45 DOL 9 TURM 1 
529-RUTI 1 SPH 1 OP 1 


530.eC23. 4 178 495 W 8 MBX 

530.QZ 1 PLAG 1 ACT 75 HORN 9 BIOT 1 EP 10 ZOIS10 
530.SPH 5 PO 1 MT 1 RUTY 1 MRAD 1 

531.C23-. TA 179 489 W 8 AMP 

531.-0Z 15 PLAG 9 HORN74 SPH 1 AP 1 ILM 5 MRAD 1 


§31.CPY 1 
§$32eC23. &C 178 476 W 7 MBX 
532.-Q0Z 20 PLAG 9 ACT 72 HORN 9 EP 5 SPH 3 MRAD 1 


532-eAP 1 


533.C23. 9 177 474 W 7 MBT 
533ePLAG 3. ACT 80 HORN 9 EP 5 SPH 10 CHLR 1 CPY' 5 
533-PY 1 


534.C26.10 279 465 W 8 MBT 
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534.QZ 6 
534eILM 3 
S35e«R Ge 4 
S35-eQ@Z 20 
S$35-CC 5 
5S36e«R €e GA 
536-QZ 20 
537e«R 6212 
537<«QZ 8 
537-CPY 1 
S38eR 8 2 
538-PLAG 1 
$38.CC 7 


539eR &e & 
539-PLAG1i0 
539-CPY 1 
540.R Ge 7B 
540.QZ 8 
540.P0 5 
541.R10.13 
541.QZ 1 
$41.FP0 1 
S$42«S74.e 1A 
542-QZ 20 
542.CPY 1 
543-S74e 3A 
543.-QZ 8 
543-P0 5 
544.S81ie 4B 


544.0Z 25 
544-IILM 4 
545-S&81ie SB 
545eQZ 25 
545.-ILM 3 
546.S81-. 6 
§$46eQZ 25 
546eRUTI §& 
547-S82- 2A 
547-eQZ 15 
S547eALL 1 
548.-S83e 3 
548.PLAG i 
S49.eC22&. 4 
549.QZ 9 
549.0P 5 
550 D 6 7 
550.eCQZ 64 
SSO0-ALL S] 
551.D12. 22 
551.-QZ 40 


PLAG 9 ACT 81 HORN 
PO 5 CPY 5 

105 524 W 8 AMP 
PLAG10 HORNS1 ACT 
AP ft ©rLM. 4 

101 S512 WS8 MBG 
PLAG 9° ACT 67 HORN 


97 508 W 7 MBG 
PLAG 2 ACT 57 HORN 
CHMG 7 

113 487 W 7 MBT 


ACT 80 HORN @ EP 
CARB 9 

107 459 W6 MBT 
ACT 51 HORN 9 EP 

60 526 W 7 MBG 
PLAG1i5 ACT 53 HORN 
CPY 5 

170 480 W 7 MBX 
PLAG 1 ACT 87 HORN 

151 485 W 7 MBT 
PLAG 9 ACT 66 HORN 
MRAD 1 

81 493 W 7 MBT 

PLAG 1 ACT 68 HORN 
CPY 5 

271 467 W 8 AMP 
PLAG @ ACT 67 HORN 
RUTI 8 

273 473 W 8 AMP 
PLAG 9 ACT 70 HORN 
CPY S 

278 4793 W 8 AMP 
PLAG 9 HORN68 ACT 
Iim 5 

227 406 W 6 AMP 
PLAG $2 ACT 74 HORN 
Iim 65 

310 473 ¥ 8 MBT 
ACT 91 HORN 9 EP 

242 462 W 7 MBX 
PLAG40 ACT 47 HORN 

687 288 E 4 SscT 


MUSC 1 BIOTI1S GRNAIS5 
737 473 E 4 scT 
PLAG3O MUSC 1 BIOT20 


30 


9 


to 


co 


9 


EP - 


CHLR 5 


EP 10 


EP 


30 


ZOIS 9g 


CHLR § 


CHLR 3 


CHMG 5 


CHLRI5 


CHMG i 


CHMG 5 


ALL 5 


CHEOQ 1 


RUTI 1 


CHLR 5 


ILM i 


CHLR 


SPH 


EP 


EP 


SPH 


AP 


CHLR 


5 SPH 4 
1 INCO 5 
2 oP 1 
2) BY 5 
9 SPH i0 
3 PO 1 
SPH 3 
3 SPH 4 
a PY 1 
6 SPH 10 
week os 
L ALL 5 
S SPH 1 
2 SPH 2 
1 
1 SPH 2 
3 EP 1 
S ZIRC 5 
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551-HEM 1 
S52-R Ge 6 
$52eOZ 
S553e«C 66 
553-OZ 
554.Ci7. & 
554.-QZ 9 
$55-C17.10 
5$55-QZ 9 
SS6eCi7-11A 
556-QOZ 9 
557.-C17.-118 
557.02 9 
558eC17.12 
558-OZ S 
559.eC17.15A 
559.QZ 9 
560.C17.15B 
560.02 2g 
561.C17.15C 
561.Q0Z 9 
562.eD 5.14 
562¢QZ 45 
564.H 1. SC 
564-QZ 42 
565eH 1-14A 
565-QZ 90 
S67e-Hi1l.e 9A 
S567-QZ 58 
S67e-ILM 3 
568-eL 3-10D 
568eQZ 65 
568eMT 1 
569.P 1-e 3 
569-QZ 73 
569.TURM 1 
570eS 4.212 
570-QZ 5 
S71eS Se 
571-eQZ 47 
571-OP 10 
572-S50.13B 
§72-QZ 40 
573.S51.22A 
573-QZ 1 
573.eZIRC 1 
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60 527 W 7 
MUSC20 TURM 
660 286 E 4 
PLAG 9 


1 GRNA 1 


BIGT10 


SCT 
ILM 10 
SCT 


GRNA1O ILM 


385 452 E 9 AMP 


PLAGiS HORN79 
388 452 E Q 
PLAG25 HORN67 
390 451 E 9 
PLAG7O BIOTIS 
391 450 E 9 
PLAG5O HORN44 
382 449 E 9 

PLAG25 
402 435 E 9 
PLAGiO HORN8&5 
411 433 E 9 
PLAGiO HORN8&4 
418 440 E 9 
PLAG15 HORN84 

728 473 E 1A 
PLAG1O BIOT20 

318 074 W 3 
PLAG 8 CHFE20 

292 072 W 3 
PLAG 8 CHFE 5 

291 326 W5 
PLAG 9 MUSC10 
TURM 2 

244 377 W 6 
PLAG 92 BIOTI5 
ILM 1 

233 373 W 6 
PLAG 9 BIOT 4 


254 116 W 4 
BIOT45 GRNASO 
252 234 W 6 
PLAG 9 MUSC20 


610 469 E 4 
PLAG20 BIOT10 
659 464 E 9 
HORN10 BIOT4S 


HORN70O 


ILM § 
AMP 

ILM 67 
TFI 

ILM 5 
AMP 
BIoT 1 
AMP 


ILM 5 
ILM 5 ALL 
AMP 

ILM 6 OS 
AMP 

ILM 5 
AMP 

SPH 1 
GNS 
HORNIS 
SCT 
BIOT 4 
SCT 
BIOT 1 
SCT 
BIOoT 1 


ALL 1 


AP 1 


GRNA10 


GRNA 4 


GRNA 3 


CHLR20 


SCT 
MUSC10 CHEQ 1 
SCT 
EP 15 GRNA 3 
SCT 

ILM 1 
SCT 
CHEQ1O BIOT 5 
GNS 
GRNA3O 
GNS 
GRNA2O 


ZIrRcC 1 


SPINZ0O 


1 ZIRC 
SPH 
ZIRC 
ALL 
1 AP 
ALL 
ALL 
ALL 
MUSC 20 
MT 1 
EP 5 
GRNA 3 
CHMG 4 
EP 5 
IitM 3 
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.O to the TABL W E-ROCK ANALYSES 


AlLl whole-rock analyses were done by energy dis- 
persive electron microprobe analysis on glasses made in the 
image furnacee Atl glasses were produced by direct melting 
except for number 43 and 45 which were made with flux as can 
be seen from the low analytical totale The analyses were 
recalculated to oxide percentages using the programme 
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Table 20. Analyses of igneous rocks 
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Number bs 2 3 4 5 6 
Sample o9s 192 199 205 207 208 
SiCo 48.69 50.57 51.40 54.59 51.48 48.88 
TiOog 2-09 3276 1.70 1.77 1.43 1.86 
AloaO3 14.57 13.81 13-67 12.16 14.48 13.34 
V203 / / / / / / 
CroC3 / / / / / / 
FeO 17.72 20.16 16.13 14.50 12.12 16.63 
MnO 0.19 0.18 0.14 0.16 0.10 0.18 
CoO / / / / / / 
NiO / 0.06 / / / / 
ZnO / / / / / / 
Bao / / / / / / 
MgO 6-01 4.93 6.92 7220 5.97 5277 
CaO 10.59 4.67 9-66 7287 11.40 10.66 
Na2O f 1.44 0.15 1.37 289 2-45 
K20 0.14 0.14 0.24 0.39 0.14 0.23 
P2Q5 / 0.29 / / / / 
Total 1 100.00 100.00 100.00 100.090 100.00 100.00 
Total 2 97.45 98.66 97.73 97.86 98.08 98.19 
Number 7 g 9 10 11 12 
Sample 209 222 223! 264 265 266 
SiOg 50.08 43.58 50.12 48.75 50.50 49.87 
TiOog 0.96 2-85 253 0.68 0.61 1.13 
Al2C3 15.53 19.38 15.84 17.06 16.60 15.29 
V203 / / / / / 4 
Cro203 0.06 / / / / 1 
MnO 0-09 0.32 0-12 / 0.05 0.10 
CoG / / / / / / 
NiO 0.07 0.06 / / / / 
ZnO / / 0.05 / / / 
nae / / 0.11 / / / 
MgO 7220 4.10 3212 9.12 8-57 7295 
Cao 13.09 11.68 9.55 12.62 13.68 11.87 
Na20 1.98 / / Ho3I 1.55 2.09 
K20O Ce O8 / 2-00 1.43 0.17 0.19 
P20s / 0.15 / / / / 
Total 100.00 100.00 100.00 100.00 100.00 100.00 
Total 98.00 98611 97.84 99.30 99.27 99.27 


Note: FeO is total iron; / signifies ‘not detected"; total 2 
is the analytical total, total 1 the recalculated total. 
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Table 20 6 Cont'deece 


Number 13 14 15 16 17 18 
Sample 267 268 269 261 093 191 
SiGo 59.93 31.62 40.00 54.01 46.23 52279 
TiOsg 0.69 4.13 2-90 2022 270 1.66 
AlaO3z 9.44 22.08 15.23 13.60 15.31 13.57 
V203 / f / / 0.07 0.07 
Cr203 0.47 / / / / / 
FeO 9.06 28-40 24.12 17-98 16-92 11.55 
MnO 0.13 0.27 0.21 0.24 0-18 0.10 
CoO / / 0.04 / 0.04 / 
NiO / 0.07 0.05 / / 0.04 
ZnC / 0.17 / / / / 
BaO / / / / / / 
MgO 15.1 9.45 4.24 1.84 555 7246 
CaO 13-46 2-56 11.77 6-68 10.14 8.46 
Na20O 0.64 0.59 0.75 3-04 2057 2-50 
K20 0.06 0.51 0.46 0.39 0.31 1-82 
PoOs / 0.17 0.23 / y) / 


Total 1 100.00 100.00 100.00 100.00 100.00 100.00 


Total 2 99.08 101.78 98.68 98.28 97.54 99.15 
Number 19 20 21 22 23 24 
Sample 195 196 197 200 201 204 
SiOog 49.47 49.32 47293 49.10 49.89 50.62 
TiOg 1.70 2-e55 1.92 1.65 3236 1.76 
Ala2O3z 15.56 13.64 14.07 14.63 12.37 13-42 
V203 / / 0.10 / 0.08 / 
CroQ3 / vA / / / / 
Feo 14.38 14.90 13.88 14.35 17.68 14.01 
MnO 0.11 0.15 0.14 0.12 0.20 0.15 
CoO 0.07 / / / / / 
NiO / 0.05 / / / / 
ZnO 0.04 / / 0.07 / / 
BaO / / / / / / 
MgO 8.13 5-95 4.34 7-08 4-91 6-89 
CaO 7280 10-31 15-90 10.16 8 80 9.79 
Na20 2255 2-42 1.46 2-65 242 3eil 
K20 0.19 0.74 0.25 0.20 0.29 0.25 
P20s / / / / / / 


Total 1 100.00 100.00 100.00 100.00 100.00 100.00 


Total 2 899.53 97.98 97.54 97.75 98.00 98.07 
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Total 1 


Total 2 


Number 
Sample 


SiOog 
TiQo 
AleC3 
V203 
Cr2Q3 


FeO 
MnO 
Coo 
NiO 
ZnO 
Bao 
MgO 
CaO 


Na20 
K20O 
P20s 
Total 1 


Total 2 


106.00 
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(ep) 
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100.00 


100.73 


Cont'deee 


47.99 
0.77 
20-96 
0.07 
0.08 
7-95 
0.08 


6.60 
19.01 
1-93 
0.08 


0.09 

4.11 

4.84 

4.82 

2-240 
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100.00 
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Total 1 


Totat 2 
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Number 
Sample 


SiQo 
TiOeg 
AloG3 
V203 
CroG3 


FeO 
MnO 
CoO 
NiO 
ZnO 
BaO 
MgO 
CaO 


Na2d 


K20 


P2Os 
Total 1 


Total 2 
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Table 20. Cont*deee 


—_ ee = ee ew we en ee es ee a os ee we we SS 2S SOS SO OS OS OO SO OS OO ODO Oe Oe oO = 


Number 49 50 Si 52 53 54 
Sample 329 330 331 491 492 493 
SiOog 46.78 46.95 51.94 48.00 51.73 47223 
TiOs 0. 46 0.49 0.89 0.54 0.85 0.48 
Al203 7219 8.07 13.13 9.17 14.62 8240 
V203 / / / / / / 
Cr203 0.40 0.44 0. 07 0.39 f 0-41 
FeO 12.19 12.20 10.86 11.81 10.24 11.593 
MnO 6. O08 0.15 0.06 0.07 0.08 O11 
CoO / / / / / / 
NiO 0.17 0.20 0.05 0.14 / 0-15 
ZnO 0.08 0.07 / / / / 
BaO / / / / / / 
MgO 25-74 23-66 8-72 21.07 8.13 23011 
CaO 6292 7077 10.60 8.82 11-80 8.52 
Na2O / / 3-43 / 2043 / 
K20 / / 0.26 / 0.14 / 
P2O0s / / / / / / 


Total 2 100.37 99.74 98.32 92.77 98.08 98.25 
aoe ee we oe oe eo ew a oe ee = eee ee ee os 
Number 55 56 $7 58 59 60 
Sample 302 303 304 305 306 307 
SiO0g $1.12 49.44 49.88 50.03 50-77 49.90 
TiOs 0.36 0. 26 0.31 0.43 0.43 0.47 
Al203 5.73 17.53 20-96 16.72 15.54 15.44 
V203 0.08 0.07 0.08 0. 06 0.07 / 
Cr203 0-52 0.17 0. 08 / 0.08 / 
FeO 7262 5.21 4.38 6.46 6-86 10.46 
MnO 0.09 0.07 0.06 / 0.06 0.13 
CoO / / / / / / 
NiO 0.69 0.05 u / / 4 
ZnO / / / / / / 
BaO / / / / / / 
MgC 18.12 10.22 6-53 9-43 10.38 8.44 
CaO 16.29 16-04 15.72 16.04 14.60 14.01 
Na2O vA 0.85 1-83 0.70 1.08 1.05 
KoO / 0.10 0.20 0.14 0.14 0.11 
P2Os5 1 / / / / / 


Total 1 100.00 100-00 100.00 100.00 100.00 100.00 


Total 2 9855 99.50 100.02 98.99 99.59 99.10 
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Number 
Sample 


SiQo 
TiQos 
Al2Q3 
V203 
CraQ3z 


Feo 
MnO 
CoO 
NiO 
ZnO 
Bao 
MgO 
Cad 


Na2O 


K20 


P2Os 


Total 1 


0.64 
15.64 
0.07 


8.19 

14.36 

1.34 

0-06 
/ 


100.00 


10.74 
6226 
3-82 
0.13 
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Ss TABLES INERAL ANALYSES 


All minerals analysed are by energy dispersive 
electron microprobeanalysis and they are recalculated to 
oxide percentages and structural formulae using the pro- 
gramme FCRNMU. The output of this programme was used directly 
to produce the tables; consequently all numbers are tc three 
decimal placese This does not represent the precision of the 
analysese In a general way, the quality of the analyses was 
verified by comparing calculated structural formulae with 
the theoretical onee 

In the oxide percentages, all the iron is given as 
FeO, except for epidote where it is given as Fe2033 the 
first total is 100% for anhydrous minerals or a theoretical 
anhydrous total for hydrous minerals; the second total is 
the analytical total calculated by stoichiometry from ele- 
ment percentagese 

The plagioclases were recalculated on the basis of 
32 oxygens for: 


Zz (12-x)Si + xal*) 


Y = AlC&) + Fe3t + Ti + V + Cr 


X = Na + Ca + Fe@+ + Ni + Zn + K 


Iron was included as Fe** in X up to X=4, the remainder, if 


any, as Fe%t in Ye 


The quality of the analyses was checked as such: 


A1lLS*4) = Ca (+ Fe2t + Ni + Zn) 
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Sum of Y 


" 
BS 


Sum of X 


i) 
nS 


An is the percentage of anorthite, Ca/Sum of X. 
The biotites were recalculated on the basis of 22 
bivalent anions: 


Z, (&=-x)Si + xal04) 


Y A1C6) + Ti + V + Cr + Fe (all as Fe2+) + Mn + Co + Ni 


+ Cu + Zn + Me 


X = K + Ca + Ba + Na 


The charge balance was calculated as: 
K + Na + 2Ca + 2Ba + al6S? + Ti + V+-Cr 


- (6 = sum of Y) — AL o*) 


It is a measure of the amount of Fe%t present and/or the 


analytical errore 


The chlorites were recalculated on the basis of 28 


bivalent anions: 


Zz (8-x)Si + xAlO*? 


Y A1lLC6) + Ti + Cr 


X = Fe2+ + Mg (+ Mn + Co + Ni + Zn + Ca + Na ) 


The charge balance was calculated as: 


y -— ALC*)? —- (12 - sum of XtY) 


It is a measure of the amount of Fe?+ present in Y and/or 
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the analytical error. 


The amphiboles were recalculated on the basis of 


23 bivalent anions: 


Z= (8 - x)Si + xalO*) 
Y = ALC©®) + Ti + V + Cr + Fe2+ + Mn + Ni + Zn + Mg = 5 
Xt+A = Ba + Ca + Na + K = 2-3 


No attempt has been made to estimate Fe%t, 


The dote were recalculated on the basis of 25 


bivalent anions: 


Z = (10-x)Si + xAl%*) (x>4) 


wd 
t 


we 


= ALCO) + Ti + Fe3t + V + Cr 2 


X = Ca + Fe2 + (+ Mn + Co + Zn + Ba + Na) = 4 


All iron was included in Y as Fe%t3 where Y was larger than 

2+ part of the iron was added to X as Fe@t up to X = 4. 

Ps is the percentage of CazAlaFeSi3z01 9(0H), Fe3t+/Sum of Ye 
The garnets were recalculated on the basis of 24 

oxygens: 


Zz, (6-x)Si + xAl©*) 


Y A166) + Ti + Fe3t+t + V + Cr = 4 


X = Fe2+ + Mn + Mg + Ca (+ Ni + Zn + Ba + Co + Cu) = 6 


All iron was included in X as Fe@+; where X was larger than 
6, part of the iron was added to Y as Fe®+ up to Y = 4. 
The lmenites were recalculated on the basis of 6 


oxygense Ti being very near to 2 in all analysis, all Fe was 
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taken as Fe*t. Silicon was excluded from the structural for- 
mula calculatione A small amount of SiOo is present in 
almost all analyses; some Si may be present in the lattice, 
but the SiOop present in the analyses could also be due to X- 
rays from the corona! 

The carbonates were recalculated on the basis of 6 
bivalent anions (CO$)e COs is calculated by stoichiometry. 
Here again some SiOso is present in most analyses, and was 
excluded from the structural formulaee In some cases (448), 
it is clearly due to contamination of the excited volume. 
Because of the small beam diameter that had to be used in 
most cases, the carbonates destabilized during the analysis; 
consequently the analytical total is meaningless (C not ana- 
lysed) and total 2 is not givene 

Table 30 contains miscellaneous minerals, The 
number cf bivalent anions forming the basis of the struc- 
tural formula calculation is shown at the bottom of each 
structural formula. AlS*) was calculated by difference as 
usual with the remaining Al as AL6.- In the spinels, the 
iron was divided into Fe%?* and Fe*t so as to complete the 
site A preferentially, assuming vacancies in the site Be For 


the prehnites, the iron was divided into Fe%t and Fe?* so as 


to balance out X and Ye 


1 The zone of diffuse electron flux surrounding the electron 
beam, at least 900 micron in diameter, from which X-rays are 
detected in energy dispersive, but not in wavelength disper- 
sive analysis because of the focussing of the crystals 
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TABLE 21. PLAGIOCLASES. 


MINERAL NO 012. 023. 043. 051. 1381. 
PLAG PLAG PLAG PLAG PLAG 


STRUCTURAL FORMULAE 


SI 4+ Beets Ve :070, TO. 578) Ate 658 We355 
AL IV 2.216 0.930 1.437 On 343 0. 645 
SUM OF Z2 12.000 12.000 12.000 12.000 12.000 
AL VI 4.008 4.020 4.040 3-983 4.010 
TI 4+ 0.016 0.0 0.0 0.90 0.0 
PE 3+ 0.0 0.007 0.9 0.059 0.0 
CR 3+ 0.012 0.0 0.0 0.0 2.007 
SUM OF f 4.036 8.027 4.025 4.042 4.017 
FE 2+ 0.018 0.013 0.021 0.005 0.011 
NI 0.0 0.90 0.0 0.0 0.0 
ZN 0.007 0.0 0.0 0.0 0.015 
cA 2-130 0. 842 Ve, ST 0.271 0.620 
NA 1.764 32114 2.504 3.661 3.282 
K 0.017 0.031 0.021 0.063 0.018 
SUM OF Xx 3.936 4.000 Je9e3 4.000 32946 
NO OF ANIONS 32 3Z 32 32 32 

AW 55 aan 35 a 16 


WEIGAT PERCENT OXIDES 


sIo2 $4.227 62.503 59.316 66.215 64.394 
TIO2 OL a6 0.90 0.0 0.0 0.0 

AL203 292268) (28. 0nla 255997 205346 (22.3917 
CR203 “0.086 0.0 0.0 0.0 0.053 
FEO Oeni22 0.133 Osi 0.431 0.075 
NIO 0.0 0.0 0.0 0.0 0.0 

ZNO 0.050 0.0 0.0 0.0 Oeaito 
CAO 11.016 4. 440 7.208 1.438 36 283 
¥A20 52045 9.070 To2h6 10.723 9.601 
K20 0.072 Osnalg 0.092 0.230 0. 082 
GL 0.0 0.0 0.0 0.062! Q.0 

TOTAL 1 100.000 100.000 100.000 100.000 100.000 
NODA Ie 2 410125182 107.243 TO1.716 100.782 107-413 


1 DISREGARDED IN STRUCTURAL FORMULA CALCULATION 
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181. 181. 308. SUK 380. 
PLAG PLAG AB PLAG PLAG 


WSO36y Way036, W857, W6541, 192.118 
0.964 2-964 0. 143 1.459 0.396 
WZ. 000 WeVOd, 12.000; 12.000 125090 


4.001 4.001 4.010 4.014 3.995 
0.0 2.0 0.0 0.0 0.0 
0.022 J-022 0-0 0.0 0.022 
0.0 0.0 0.0 0.008 O.bu7 
4.023 8.023 4.010 4.022 4.024 
0.9 0.0 0.042 0.015 0.0 
0.0 0.0 0.0 0.906 0.0 
0.006 9.006 0.0 0.0 0.0 
0.905 0.906 0.127 SES) 0.822 
3.068 3.070 3.740 2s 250 3.169 


62.2455 62.258) O72 728) 592059 “625757 


0.0 Q.0 0.0 0.0 0.9 
236350) 2iahoa, 205 si200 2550357 28.995 
0.0 0. 0.0 0.054 0.050 
0.145 0.146 0.287 0.098 Gags2 
0.0 J.0 0.0 0.040 0.0 
02044 02.044 0.0 0.0 0.0 


4.766 4.767 0.679 72283 4.334 
8.927 ao932) A020 POUR Secos 
0.116 0.115 0.157 0.080 0.092 
0.0 0.0 020 0.0 0.90 


100.000 100.000 100.000 100.040° 100.u00 
101.759 101.598 102.004 101.059:102.582 
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TABLE 21. CONT'D... 


MINERAL NO 496. 
AB 


STRUCTURAL FORMULAE 


SI 4+ 116.959 
AL IV 0.041 
SUM OF 2 12.000 
AL VI 4.004 
FE 3¢ 0.0 

CR 3+ 0.0 

SUM OF Y 4.004 
ly Pa 0.044 
co 0.0 

ZN 0.0 

CA 0.058 
NA 3.789 
K 0.035 
SUM OF X 3.926 


NO OF ANIONS 32 
AN 2 


498. 
AB 


11.964 
0.036 
12.000 


4.017 
0.0 
0.0 
4.017 


0.027 
0.0 

05912 
0.039 
3. 796 
0.034 
3.908 


WEIGHT PERCENT OXIDES 


ST02 68.416 
AL203 19.635 
CR203 0.0 

FEO 0.300 
coo C.0 

ZNO 0.0 

CAO 0.310 
NA20 Vs 181 
K20 0-159 
TOTAL 1 100.000 
TOTAL 2 101.697 


100.000 


499. 
PLAG 


11.243 
Oe 757 
12.000 


3.982 
0.011 
9.007 
4.000 


0.055 
0.0 

0.005 
0.723 
Jeut7 3 
0.028 
3.984 


32 
18 


63.546 

D229 
0.052 
Q.449 
0.0 
0.038 
3.316 
9.250 
05123 


100.000 100.000 100.000 


503%. 
PLAG 


11.077 
0.923 
12.000 


622599 

23.666 
0.0 
06155 
0.0 
0.059 
4.852 
8.541 
0.162 


10S UNS a1OIS OO 1039 


504. 509. 
PLAS PLAG 


11.6872 W1s872 
0.128 0.123 
12.000 12.000 


67e722 6723924 
Wests 20.057 


0.0 0.0 
0.346 0.123 
0.0 0.049 


0.154 0.1175 
0.665 0-551 
HVS O62. Wihs20 
0.172 0.161 


509. 


12.030 
2-0 
12.030 


63.964 
19.381 
Q.0 
0s 193 
0.6 
J.9 
0.336 
195987 
0.140 


516. 
PLAG 


11.203 
0.797 
12.000 


4.002 
0.0 
0.0 
4.002 


ena28 


0.90 

0.008 
0.813 
3.958 
0.036 
3.943 


32 
21 


eis SIS)s) 
23.023 
0.0 

0.188 
0.0 

0.062 
4.291 
8.921 
0.160 


STAR 
PLAG 


iS tas 
0.3844 
12.0090 


4.037 
0.0 
0.0 
4.037 


0.017 
0.0 

0.009 
0.327 
22984 
0.039 
3:6 8-6 


32 
22 


636127 
23-433 
0.0 

Os lg 
0.0 

0.072 
4.2368 
sheoea tr} 
0.174 


385 


52 Ze 
PLAG 


112114 
0.386 
12.000 


4.001 
0.0 
0.0 
4.001 


0.038 
0.0 

0.011 
0.3908 
2-932 
0.036 
3 925 


3} 2 
23 


62.760 
23.414 
0.0 
0.258 
0.90 
0.985 
4.783 
8.541 
Oe 159 


100.vv0 100.000 100.000 100.000 100.000 


101.533 100.494 109.812 100.706 100.507 100.849 
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DAB LE 21.) CONT" Doss 


MINERAL NO Sse 532. 534. 536. Sle 541. 544. Se 546. 547. 
PLAG PLAG PLAG PLAG PLAG PLAG PLAG PLAG PLAG PLAG. 


STRUCTURAL FORMULAE 


SI 4+ 112005 105979 10.998 132035. 192025 <Hiigea) tore 192062 102977 112923 
AL IV O.95e W626 3.002  O5555 “Digsor Brass oteat 07938 “40298. Stor 
SUM OF Z 122000 122000 122000: 124006 128500 28000 “122900 122000 1mtDbO 192030 
BL yi 4.008 3.996 4.012 3.998 3.985 3.998 4.012 4.011 4.021 4.024 
FE 3+ 02022. 05.0 0.0 0.0 Nib62 Oia02 550 0.0 0.0 0.0 
CR 3+ 0.0 H2007 | O20 0.008 0.0 0.0 eeo07 BLooy otca9. OAs 
sum OF YX 42030 82003 8.072 #006 85087 Bhoo0 i019 82078 82030 stoop 
PE 2+ OLU70 02036 01098 02032 2003 %O85S5 ‘OtG2> b2029  oto2a 02052 
MM 0.0 0.0 0.0 0.0 0.0 O.0To 89600 0.0 0.0 0.0 
NI 0.0 0.0 0.009 0.0 0.0 0.9 He00S. . G20 0.0 0.0 
ZN 0.0 0.0 9.0 0.0 0.0 0.0 02006 O209% —OL017 —OtO0S 
BA 0.0 0.003 0.0 0.0 0.0 0.0 0.0 2.905, 0.0 0.0 
CA 0.575 06595 0922. Oc912 Btess Deso0” Geos1 Besse Aides. sotocs 
NA 33049 S65992 2583 35016 Sites B80os Shoes S865 “Giese 9 Stoss 
K O.026 02037 G2023 OYVOUT ONONS: Ginse  Of072 OSone.° Ohogo  oi0s3 
SUM OF X 82000 32963 . 32905 82009 355997 33989 JS5EO Goan 6 3ya5S 35506 
NO OP ANIONS 32 32 32” 32 32 32 a2 32 32 32 

AN is 25 23 23 22 23 24 23 26 1 
WEIGHT PERCENT OXIDES 

sI02 62.053 61.806 61.999 62.225 62.097 62.188 62.163 62.412 61.873 68.195 
AL203 535999. 232.996 23.979 Bas7s5 Saeror wage Soss0s akeod Sob 2j62: <touce9 
CR203 0.0 02052. “97d 0.058 0.0 0.0 0.049 0.052 0.066 0.0 
FEO Gf217 . 0.240 (0.5335 (O50T8) yoeess etmg7. (329ce Wigtass «bptaies Beas 
“nO 0.0 0.0 0.0 0.0 0.0 0.067 0.0 0.0 0.0 0.0 
¥IO 0.0 ot 0.066 0.0 0.0 0.0 fogs” to 0.0 0.0 
ZNO 0.0 020 0.0 0.0 0.0 0.0 0.049 0.085 0.085 0.040 
BAO 0.0 0.046 0.0 0.0 0.0 0.0 0.0 02082 020 0.0 
CAO 6.815 53231 821853  St799 Otb0s Sah 9 Stace “Gizs1  Sis05\ 10297 
WA20 853869 82462 82675 8.77 Susie | Gasse- geescr.. “te29 “Bt2om . 49t094 
K20 Osiie .OS963 Oc303 OStsd WltS3. “Niessen otnso . Gia39- . ofa 
TOTAL 1 100.000 100.000 100.000 100.000 100.000 100.900 100.000 100.000 100.000: 100.000 


TOTAL 2 101.450 101.157 100.182 100.434 100.159 100.208 102.020 101.192 101.566 102.456 
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TABLE 22. B8IOTITES.~ 


MINERAL NO 0:35. 043. 
BIOT BIOT 


STRUCTURAL FORMULAE 


SI 4+ 5.424 5-551 
AL IV 2.576 22449 
SUM OF 2 3.000 3.000 
AL VI 0.948 0.778 
TI 4e 0.231 0.143 
LE 0.@ 0.011 
FE 2¢ 2.485 1.803 
Au 0.009 0.016 
wr 0.007 0.0 
(4. 0.005 0.004 
4G 14995 3-039 
SUM OP Y 5-693 5.794 
Ba 0.013 0.0 
CA 0.0 0.009 
K 1.780 Se 
SUM OF < 1.793 1.776 
cL 0.0 0.016 
NO OF ANIONS 22 22 


CH'GE BALANCE +.194 +.042 


WEIGHT PERCENT OXIDES 


s1o2 36.06 3:7..83)2 
TIO2 22044 eee 
AL203 19285) 138.668 
v¥203 0.0 0.095 
FEO 19.729 14.689 
4NO 0.070 Delano 
NIO 0.057 0-10 

ZNO 0.041 0.039 
BAO 0. 229 Vv. 0 

MGO 82391 W289 7 
CAO Oto 0.055 
K20 J avedi2 9. 445 
GL 0.0 0.063 
TOTAL 1 96.200 96.200 


TOTAL 2 96.264 95.499 


96.200 
95.506 
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TABLE 22. CONT'D... 


MINERAL NO 162. Wi? Te 
BIoT BIOT 


STROCTURAL FORMULAE 


Sik Se 5.644 5-657 
AL I¥ 2-356 2.343 
SUM OF Z 3.000 8.000 
AL VI 0.814 0.475 
TI 4+ 0.145 Ve 130 
Vo 3+ 0.012 0.0 
FE 2+ 2.653 2-2 660 
he.) 0.041 0. 203 
NI 0.006 0.010 
ZN 0.0 0.012 
MG 2.078 2. 403 
oun OF ¥. 5-749 5.893 
BA 0.0 0.9 
CA 0.040 0.0 
NA 0.0 0.0 

K 1.659 1.818 
SUM OF &Z 1.699 1.818 
NO OF ANIONS 22 22 
CH*GE BALANCE +.091 Soy ay 


WEIGHT PERCENT OXIDES 


STO2 37.438 37.001 
TIO2 1.283 Vert33 
AL203 17.542 15.638 
V203 0.101 0.0 

FEO 2veOh2t 202795 
MNO 0.318 1.570 
NIO 0.048 0. 085 
ZNO 0.0 Ue 107 
BAO 0.0 0.0 

1GO 9.248 10.546 
CAO VU. 250 0.0 

NA20 0.0 0-0 

K20 8.631 92326 
TOTAL 1 96.200 96.200 


TOTAL 2 92.663 95.476 


96.200 
94.485 
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TABLE 22. CONT®D.<. 


MINERAL NO 402. 494, 
BIOT BIOT 


STRUCTURAL FORMULAE 


SI 4+ 52414 5-520 
AL IV 2.586 2-480 
SUM OF Z 3.000 8.000 
AL VI 0.826 0.954 
Tr 5+ 0. 233 OQ. 166 
¥ 3+ 0.0 0.0 
CR 3+ 0.006 0.0 
FE 2+ 2-967 2-150 
MN 0.0 0.0 
NI 0.009 0.011 
cu +) 0.210 0.0 
ZW 0.015 0.006 
MG Lo 73u 22471 
SUM OF Y 5.787 52758 
BA 0.0 0.90 
CA 0.0 0.0 
NA 0.0 0.0 
K Veale 1.676 
SUM OF X Void YP 1.676 
NO OF ANIONS 22 22 


CH'GE BALANCZ -.028 +2074 


@EIGHT PERCENT OXIDES 


S102 352410 37.345 
TIO2 2.2029 1.496 
AL203 18.934 19.713 
¥203 0.0 0.0 
CR203 0.047 0.90 
PEO 23.200) (7.837 
MNO 0.0 0.0 
NiO 0.070 0.091 
cuo 0.0 0.0 
ZNO Q.131 0.059 
BAO 0.0 0.0 
HGO 72596 11.218 
CAO 0.0 0.0 
NA20 0.0 0.0 
K20 8.783 8.392 


TOTAL 1 96.200 96.200 
TOTAL 2 96.167 —95s27 4 


96.200 
95.647 


495. 
BIOT 


5.716 
2.284 
8.000 
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498. 
BIOT 


5.602 
2.398 
8.000 


0.754 
Oenia2 
0.0 

0.0 

2-564 
0.018 
0.006 
0.0 

0.009 
2-284 
5-766 


02029. 


0-0 
0-0 
1.837 
1. 866 


22 
#o 119 


36.909 
1.509 
Vite 230 
0.0 
0.0 
20.130 
0.141 
0.048 
0.0 
0.084 
Q. 4 a3 
10.098 
0.0 
0.0 
9.495 


96.200 
95.166 


503. 
BIOT 


5-638 
2,362 
8.000 


0.534 
Oy uss) 
0.0 
0.0 
2-408 
0.015 
OO} 
0.90 
0.0 
PAE VOY) 
Seg'0 


0.018 
0.020 
0.U 

1.632 
1.670 


22 
5748) 4, 


3 Te BOE 
1.588 
1726738 
0.0 
0.0 
19.251 
0.120 
0.090 
0.0 
0.0 
0.307 
10.789 
0. 323 
0. 
8.557 


96.200 
94. 160 


520. 
BIOT 


5.789 
2,211 
8.000 


Oca 
9.183 
0.0 

0.0 

1597/6 
0.012 
0.009 
0.954 
0.0 

2.906 
5.674 


0.0 

0-140 
0.063 
1.618 
1.873 


22 
+. 141 


39.206 
1.653 
os fy} 
0.0 
0.90 
16.000 
0.099 
0.079 
0.489 
0.0 
0.0 
13.204 
0.883 
0.221 
8.594 


96.200 
91.465 


35.246 
0.842 
We. 9a'7 
0.0 

0.0 

26. 246 
0.417 
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TABLE 22. CONT'D... 


MINERAL NO 55:15 2525 
BIOT BIOT 


STRUCTURAL FORMULAE 


SI 4+ 5.485 5.455 
AL IV Zoi diiS 22545 
SUM OF Z 38.0900 8.000 
AL VI 0.942 0.717 
TI 4+ 0.204 0.236 
Ve st 0.007 0. 009 
CR 3+ 0.0 0.0 
FE 2+ 2.273 22564 
aN 0.0 0.012 
co 0.0 0.0 
NL 0.0 0.9 
ZN 0.0 0.0 
4G 2.376 2-186 
SUM OF Y 5.802 52724 
BA 0.021 0.0 
jer.\ 0.0 0.009 
ig egoiz 1.883 
SUM OF X eee! 1.892 
NO OP ANIONS 22 22 


CH'GE BALANCE -.013 +2033 


WEIGHT PERCENT OXIDES 


SIo2 300 305 3 Sie IIS 
TIO2 1.335 2.073 
AL203 WERE NCS alsss) 
¥203 0.058 0.070 
CR203 0.9 0.0 
FEO Wdaseo 206225 
NO 0.0 0.091 
coo 0.0 0-0 
NIO 0.0 0.0 
ZNO 0.0 0.0 
BAO 05363 0.90 
4GO 10.765 9.678 
CAO 0.0 0.058 
K20 8.004 3-2 748 
TOTAL 1 96.200 96.200 


TOTAL 2 92.616 92.506 


553. 
BIOT 


SIS) 
2. 603 
8.000 


0.839 
0.205 
0.006 
0.0 

3.949 
0.015 
0.U 

0.008 
0-027 
QO. 747 
SS SIE) 


0.2003 
0.043 
1.666 
T2642 


22 
= 002 


34.074 
We ea 
138.438 
0.047 
0.0 
29.804 
Ofrenda 
0.0 
0.062 
0.229 
0.043 
3. 164 
OARS 
Ba2ot 


96.200 
90.381 


564. 
BLOT 


Se 202 
22 439 
3.000 


0.508 
0.2605 
0.017 
0.0 

4.124 
0.033 
0.003 
0.0 

0.006 
0.374 
5-675 


0.007 
0.014 
1459/5 
1.016 


22 
SE PASI 


Biever 
5.034 
vee 
0.130 
0.0 
30.370 
Qe 243 
0.2065 
0.0 
0.055 
0» 106 
Wolo tize 
0.080 
728334 


96.200 
36.952 


96.200 
92.634 


96.200 
90.832 
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TABLES22. (‘CONTED. < « 


MINERAL NO 570. STS 
BIOT BIOT 


STRUCTURAL FORMULAE 


SI 4+ Dis Deut 5.608 
AL IV 22479 26.392 
SUM OF Z 8.000 3.000 
AL VI 0.665 Ve 769 
TI 4+ 0.229 J. 142 
th Bke 0.006 0.006 
ik, PXS 36999 2.809 
AN 0.088 0.032 
co 0.0 v.09 
ZM 0.013 0.0 
MG 0.771 1.999 
SUM OF Y ey Tei! Say iar! 
BA 0.0 0.0 
CA 0.90 0.0 

K 1.883 1.818 
SUM OF Xx 1.883 1.318 
NO OF ANIONS 22 22 


CH'GE BALANCE +.029 +.094 


WEIGHT PERCENT OXIDES 


SIo2 34.601 36.328 
TIO2 1.910 la23.3 
AL203 WiGswaion lWidss0u1.0 
¥203 0.050 0.049 
PEO Zo) AR Wey 
MNO 0.654 Os 25/2 
coo Q.0 QO. 
ZNO 0.114 0.0 
BAO J.0 000 
MGO Sera h3 38.306 
CAO 0.0 v.0 
K20 3s 2513 3.364 
TOTAL 1 96.200 96.200 


TOTAL 2 9314 019) 915756 
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96.200 
971.331 


96.200 
91.354 
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5.457 
2.543 
8.000 


0.3858 
0.178 
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PENS y=S5) 
0.012 
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PS Walle; 
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0.003 
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TABUELZZIS . CONTMDSR 


MINERAL NO 010. 050. O87. 106. 119. 262. 338. 342. 348. 358. 
BIOT BIOT BIOT BIoT BIOT BLOT BIOT BIOT BIOT BIOT 


STRUCTURAL FORMULAE 


Sires SJ4a09 SASSY SkRS6S Site S250Re SA5OSe Sustee 5.5 16:9-5.577:2 0 5. 552 
AL IV 225600 2.587i) 2.54% 5 2.4896 2a97EN 2aeSoy BASOSy 254GHr> 2. 423002. 448 
SUM OF Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
AL VI O60 F O8789% OUSTFG O7200 OAT6RP OST IRIN Os69T> O-<ausie o. a7uryn 0.919 
TI Ue Om243* OS2SR) OL2IS 04177 “OS201 “OR TS DO Slahe 04207 (0.2767)  90..164 
Vewe ond12) 0.00 0.0 0.0 0.009 0.0 93010,4 020 0.0 0.0 
FE 2+ ZAI 2.95528 40550 2.5194 24606 3a, 26aty 2.359/4 2. 13 ae 2.872 
AN G02) G.091S (02056 05019 | 02017) W0cejue  Os0NG 19.0 05015 0.021 
ZN 0.0 0.009 0.0 0.0 0.0 0.0 0.0 0.0 0.100 0.0 
MG 251065 25085) Of8G3N 223625 141524 WE6SM 2acete 242565 2.532.464 1.992 
SUM OF Y 5/667) SSTGl 5.766 5.799 Sa749. 5e235- 5.806 527170 5.735 5.768 
BA 0.0 0.003 0.006 0.0 0.0 0.0 010204 O00 064 0.904 .. 0.0 
CA 0.0 0.008 0.0 0.0 0.0 0.0 0.9 0.0 0. 01 teg 0.0 
NA 0.046 0.0 0.0 0.0 0.0 0.0 0.0 0.014 0.015 0.0 
K 17eia°. WA 19870 19627 THER “Ahes Waew  OAarsse 1 70a ek 12.765 
sua OP Xx TAGGHS BABS BINS MWG2IS Weeawe wees e Peasdia wil Ise M7sty 1.9765 
Ci 0.0 0.0 0.028 0.0 0.0 O2010 Blots 00 0a) O50 
NO OF ANIONS 22 22 22 22 22 22 22 22 22 22 
HOOT, §%.039 4-008 4.034 42000, #8036 “4 015) +2066. +2102 “+. 066 
WEIGHT PERCENT OXIDES 
SI02 36.1714 36.078 34.030 36.519 36.359 35.724 36.110 36.814 38.203 36.444 
TIO2 23153) 20258c 202604 5608 BWirGGd Wales Pees. VeSsie 1489948 1434 
AL203 1923293 180729 166515 189.083 184279) 172807 1739964 182667-919.861 4019. 194 
¥203 0.103 0.0 0.0 0.0 Qo076» OO O02" 0.40 0.0 0.0 
FEO 19L3IST? 204190 ) 3052398 192928) 2OGSSMA 2456225 2926894 195199017. 264-5022. 542 
“NO O20938 O4166 O4N76 O4152 OSiSte Da26) 051287 040 Osage = Ones 
ZNO 0.0 vensies 020 0.0 0.0 0.0 0.0 0.9 0.091 0.0 
BAO Om Ondee Onlota 940 0.0 0.0 Os3IS> On0S%s 0.06605 0-0 
4GO 94396: 95257) 34363 105076 95598) Fasian 10g0GMs 1041015) 1486805 @adaa 
CAO 0.0 0.0485 040 0.0 0.0 0.0 0.0 0.0 0. Gl Gab Oe 0 
NA2O 0.158 50 0.0 0.0 0.0 0.0 0.0 On049e 0505240 0.0 
K20 7.483 9.396" 9,968 92496 <GeeGsmn GluO moc asem 922027 94023 92066 
Ch 0.0 0.0 Oatase  Ond 0.0 CeO Ca074m On 0.084 0.0 
TOTAL 1 96.200 96.200 96.200 96.200 96.200 96.200 96.200 96.200 96.200 96.200 


TOTAL 2 95.776 952356 97.046 95.547 95.598 96.117 95.381 96.213 95.598 95.455 
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TABLE 23. CHLORITES. 


MINERAL NO 496. 498. 
CHEQ CHEQ 


STRUCTURAL FORMULAE 


SI 4et 5.409 5-393 
AL IV 2ea9t 2.607 
SUM OF Z2 8.000 8.000 
AL VI 2-762 2-768 
TI 4+ 0.011 0.071 
CR 3+ 0.0 0.0 

SUM OF Y 2e7T3 alt? 
Ee Zt 45522 go 392 
MN 0-049 0.051 
co 0.010 0s 0 

NI 0.017 0.012 
ZN 0.027 0.0 

MG 4.490 4.660 
CA 0.017 0.015 
NA 0.0 0.0 


SUM OP X+¥Y Ie I0Se5 11909 


NO OF ANIONS 28 28 
CH*GE 5ALANCE -.028 +. 080 


WEIGHT PERCENT OXIDES 


SLO 2 253322 255876 
TIO2 0.068 0.069 
AL203 2m eS) Zi SUre, 
CR203 0.0 0.0 
FEO ZIeoOW LI 
“NO Oeizd 3 0.2387 
coo 0.059 0.9 
NIO 0.103 0. 073 
ZNO Os 1737 0.0 
4GO 14.383 15.004 
CAO 0.075 0.066 
NA2O 0.0 0.0 
TOTAL 1} 88.450 88.450 


TOTAL 2 87.291 35.816 


4.955 
0.041 
0.0 
0.010 
0.022 
4.071 
0.020 
0.0 
11.943 


28 
+.047 


24.934 
0.90 
22.1604 
0.0 
27.944 
0.230 
0.0 
0.061 
0.143 
Hoteles) 
0.0389 
0.0 


88.450 
Siemon 


5222 
CHEQ) 


63110 
2-690 
3.000 


2-807 
0.0 

0.016 
2.807 


3.469 
0.032 
0.011 
0.024 
9-021 
32528 
0.027 
0.0 

1 909 


28 
+2031 


26.116— 


0.0 

22. 938 
0.099 
205397 
05185 
0.068 
0.145 
0.138 
138.242 
Qa y2s 
J.0 


88.45U 
87.734 


25-030 
0.093 
21sdo3 
Q.90 

275555 
0.226 
0.0 

02099 
J. 175 
13.362 
0.052 
0.0 


38.450 
33.306 


048. 
CAMG 


5.316 
2.6384 
3.000 


2-762 
0.010 
0.011 
Dat Ve 


Saa2 
0.036 
0.0 
0.0 
0.018 
55985 
0.0 
0.0 
URS Sef) 


28 
Pe OlSye/ 


26.446 
0.066 
22-986 
0.070 
ieisoiee 
0.214 
0.0 
0.0 
9.122 
USSU 
0.0 
0.0 


38.2450 
87.394 


181. 
CHMG 


52413 
22587 
8.000 


PIAS 
0.0 

0.015 
22741 


ae279 
0.036 
0.0 

0.0 

0.039 
I2 733 
0.023 
0.047 
11.948 


283 
+0037 


260009 
0.0 
22.298 
05093 
192392 
0.208 
0.0 
0.0 
0.259 
195797 
02 1015 
0.119 


88.450 
Sia323 


VW ts 
CHAG 


5.398 
2.602 
8.000 


Za TiS 
0.0 

0.014 
2.789 


35222 
0.035 
0.0 

0.011 
0.016 
Be Te) 
0.030 
0.065 
Ue 


28 
+.048 


26.763 
0.0 

22.619 
0.039 
19.098 
0-204 
0.0 

0.070 
0.107 
19.194 
0.141 
03 165 


88.450 
87.178 
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181. 
CHMG 


Stag 
2-609 
8.000 


20781 
0.0 

0.012 
2e193 


Ja207 
0.038 
0.0 
0.0 
0.020 
521798 
0.928 
0.046 
175,936 


28 
+02 


204751 
0.0 
22.692 
0.076 
19022 
0.221 
0.90 
0.0 
0.138 
19.302 
0.1239 
0.119 


88.450 
87.266 
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TABLE 23 . CONT DJS. 


MINERAL NO 300. 380. 
CHMG CHMG 


STRUCTURAL FORSULAE 


SI 4+ ag/SV, 5. 286 
AL IV 2-261 2.714 
SUM OF Z 8.000 3.000 
AL VI 26329 2.730 
TI Ue 0.0 0-011 
Ch 3+ 0.030 0.013 
SUM OF Y 2-359 2.744 
PE 2+ 0.904 2_)\039 
aN 0.0 0.0 
co 0.0 0.0 
NI 0.011 0.U 
2N 0.0 0.0 
MG 8.676 b= 366 
CA 0.0 0.014 
SUM OF X+tY IS 950° T1963 
NO OF ANIONS 238 28 


CH*GE BALANCE -.048 +2023 


WEIGHT PERCENT OXIDES 


STo2 30.605 26.544 
TIO2 0.0 0.077 
AL203 206766 23.193 
CR203 0.201 0. 083 
FEO 5-765 17.041 
MNO 0.0 0.0 
coo 0.0 0.0 
NIO 0.071 0.0 
ZNO 0.0 0.0 
MGO 312.041 217.449 
CAO 0.0 0.064 
TOTAL 1 88.450 38.450 


TOTAL 2 85.624 88.690 


520. 
CHMG 


999 
2.401 
8.000 


2-368 
0.0 
0.0 
2-368 


3.467 
02029 
0.0 
0.018 
0.018 
6.101 
0.017 
12.018 


28 
-.018 


27.543 
0.0 
96 90 
0.9 
20.388 
Qe 170 
0.0 
0.112 
0.119 
POST 
0.076 


88.450 
84.812 


543. 
CHMG 


5.607 
23913 
8.000 


2.3105 
0.0 

0. 06U 
22365 


3.354 
O2035 
0.010 
0.025 
0.0 
62207 
0.020 
Wise 


28 
Sails) 


27.640 
v0 

19.647 
2377 
19.744 
0.205 
UV. 063 
Q. 155 
0.90 

20.529 
0.091 


88.450 
84.473 


544. 
CuMG 


5-346 
2.564 
8.000 


22195 
0.0 
0.0 
22795 


3.856 
0.031 
0.007 
0.027 
0.016 
52316 
0.014 
12.062 


23 
-.062 


26.005 


545. 
CHG 


5-362 
2.638 
8.000 


2-601 
0.010 
0.0 

2.691 


3.918 
0.023 
0.007 
0.024 
0.011 
5.286 
0.010 
Tite 900 


28 
+.040 


26.048 
0.062 
21.924 
0.90 

75 PAS) frays) 
J 129 
0.041 
0.145 
0.069 
We23i 
0.045 


83.450 
37.510 


11.946 


28 
+.054 


26.483 
0.0 
22.284 
0.0 
20.870 
0.132 
0.0 
0.064 
0.040 
Siow) 
0.0 


88.450 
85.678 
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TABLE 23 CONT'D... 


MINERAL NO DG. 540. 
CHLR CHLR 


STRUCTURAL FORMULAE 


SI 4+ 5. 384 55 PA) 
AL IV 22616 25.139 
SUM OF Z 8.000 8.000 
AL VI 22583 2.738 
Caaf 0.U28 0.0 
SUM OF Y 26011 PTS R2) 
EE 2+ 3.2551 4.118 
MN 0.038 0.036 
NI 0.024 0.0 
MG 6.057 SULT 
CA 0.020 0.073 
SUM OF X+¥ 122001 12.002 
NO OF ANIONS 28 28 
CH'GE BALANCE +.004 =e 00) 


WEIGHT PERCENT OXIDES 


sIo2 26.643 25.422 
AL203 2153826 225433 
CR203 ren te7'3 0.0 

Fzo Wels Ball Ps eeheiy 
MNO 0.224 0.207 
NIO 0. 148 0.0 

MGO 20.111 16.524 
CAO 0.093 0.057 
TOTAL 1 83.450 383.450 


TOTAL 2 36.956) 33.9919 


541. 
CHLR 


5.584 
22416 
8.000 


22579 
0.0738 
2.657 


BS IPIS) 
0.028 
0.029 
6.074 
0.170 
11.881 


28 
+2041 


21s 31S 
2hetS7 
02492 
17.444 
0.167 
0.179 
20.345 
Ost 


38.450 
86.322 
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TABLE 24. ACTINOLITES. 


MINERAL NO O57. 181. 
ACT ACT 


STRUCTURAL FORMULAE 


SI 4+ 72554 72913 
AL IV 0.446 0.87 
SUM OF Z 8.000 8.000 
AL VI 0.305 0.130 
TI 4+ 0.010 0.9 

Ven 3* 0.0 0.006 
CR 3+ 0.032 0.0 
FE 2+ 15557 1. 189 
an 0.022 0.019 
NI 0.007 0.0 
ZN 0.0 0.009 
MG 3.177 3. 656 
SUM OF Y 5.100 5.009 
BA 0.002 0.0 
CA 1.896 1.949 
NA 0.065 0.034 
K 0.010 Qe 
SUM OF X+#A 15973 1.983 
NO OF ANIONS 23 23 


WEIGHT PERCENT OXIDES 


SIo2 O26 489m Sl. 927 
TIO2 0.089 ae) 
AL203 4.427 1. 300 
v203 0.0 0.056 
CR203 0. 280 0.0 
PEO 1ZeI33q 105,050 
MNO 0.184 QO. 161 
NIO 0.062 0.0 
ZNO 0.0 0.085 
BAO Q.044 0.0 
eze) Toso tOm Via sa9 
CAO V2m298 9 125856 
YA20 0.231 Vs 125 
K20 0.056 0.0 
s 0.0 0.0 
TOTAL 1 97900), 975900 


TOTAL 2 96.998 97.161 
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562336 
0.0 
0.691 


186. 
ACT 


ive) 
= 


FNOOOCNCOCOO 
» @ 86 6 6 

acoocorooodw 
Wa © 
we 


ee 6 @¢ @ 
Wm © 
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rou) 
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oO 
co 
Cc 


[o) 
Nn 


ee @ 6 @ 6 @ 6 
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WNGCOONDOCS 


51.874 
0.0 
1.843 
0-0 
0.0 

215279 
0-196 
0.0 
0.0 
0.0 
9.891 

1250/8 
0.203 
0.102 
0.0 


97.900 
972563 


300. 
ACT 


72403 
0.597 
3.000 


0.260 
0.0 

0.007 
0.034 
0.629 
0.009 
0.0 

0.909 
ea 
Se ia 


0.004 
1.324 
0.318 
02015 
2.161 


23 


53-044 
0.¥ 
3334 
0-061 
0.311 
5.387 
05073 
0.U 
0.2038 
0.066 

20.075 

12.201 
1.174 
0.086 
0.9 


97.900 
97.2085 


308. 
ACT 


72584 
0.416 
8.000 


0.347 
0.009 
0.007 
0.010 
1.934 
0-033 
0.009 
0.90 

2.703 
5-052 


0.0 

12.933 
0.044 
0.021 
1,998 


23 


SNS 977 
0.0382 
4.438 
0-058 
0.990 
15.346 
0.265 
02077 
0.0 
0.0 
12.432 
12.366 
Wa Usy/ 
0.114 
0.0 


97.900 
97.470 
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TABLE 24. CONT'D... 


MINERAL NO 496. 498. 
ACT ACT 


STRUCTURAL FORMULAE 


SI 4+ 72442 7.824 
AL IV 0.558 0.176 
SUM OF Z 8.000 8.000 
AL VI 0.509 0.53 
Ti,s+ 0.0 0.0 

Yo 3+ 0.011 0.010 
CRa3+ 0.0 0.029 
FE 2¢ Z2e0M 7 1757 
au 0.031 0.034 
co 0.0 0.0 
NI 0.2005 0.009 
2u 0.008 0.007 
MG 2-566 36.099 
SUM) OF  Y 5-207 5.058 
BA 0.008 0.0 
CA 1.888 1.926 
NA 0-104 0.0 

K 0.025 0.015 
SUM OF X+A 22025 1.941 
NO OF ANIONS 23 23 


WEIGHT PERCENT OXIDES 


S102 50.625 54.035 
TIO2 0.0 9.0 

AL203 5.582 1.931 
¥203 0.097 0.083 
CR203 0.0 0.254 
PEO 16.888 14.508 
“NO 0.251 0.275 
coo 0.0 0.0 

NIO 0.045 0.080 
ZNO O2073 idn067 
BAO Sat39 15050 

4GO Lianwl 88.4175 
CAO hiedeas 122914 
NA20 Gage? O60 

K20 0.135 0.079 
TOTAL 1 97.900 97.900 


TOTAL 2 96.846 97.609 


50d 
ACT 


7-103'3 
0.967 
8.000 


0.503 
0.0390 
0.010 
0.013 
2.034 
0.035 
0.0 

0.017 
0.012 
2.804 
5-420 


0.0 

1.682 
0.094 
0.019 
Wes ASS 


748) 


47.925 
0.270 
8.499 
0.0384 
Oley Wet! (0) 
U6 S72 
0.279 
0.0 
0.097 
Oath 
0.0 
12.821 

10.700 
0.3390 
0.102 


97.900 
94.810 


503. 
ACT 


Uys) WS) 
0.4381 
8.000 


0.415 
0.009 
0.0 
0.008 
1.705 
0.023 
0.0 
0.0 
0.0 
2-893 
52053 


0.0 

1915 
0.062 
0-032 
2.2009 


23 


51.994 
0. 086 


504. 
ACT 


721703 
031297 
8.V00 


0.280 
0.013 
(a) 
0.0 
22092 
0.025 
0.0 
0.0 
0.009 
2-638 
5<057 


0.0 

12902 
02049 
0.025 
1.976 


23 


52.576 
0.116 
3.341 
0.0 
0.0 

17.074 
0.204 
0.0 
0.0 
0.088 
0.0 

12.080 

W2S15 
0.173 
0.134 


97.900 
97. 148 


512359 


97.900 
96.467 


509. 
ACT 


7-587 
0.413 
8.000 


0.336 
0.016 
0.007 
0.007 
2.183 
02033 
0.007 
0.009 
0.028 
25903 
5% 1123 


0.0 

1.364 
0.051 
0.021 
1.936 


23 


51.504 
0.087 
4.312 
0.062 
0.064 

i eoni2t 
0.262 
0.057 
02075 
0.254 
0.0 

11.2402 

11.811 
eS avy 
O13 


97.900 
355992 


54.350 
0.0 
2.662 
0.056 
0.057 

13.140 
0.204 
0.0 


O20. = 


VIO72 . 
0.0 : 
15.028 
12.069 
0.144 
0.119 


97.900 
95.458 
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TS TAOR 
0.299 
8.600 


0.678 
0.0% 
0.010 
0.0 
1.421 
0.023 
0.0 
0.00) 
0.0 
2-301 
4.960 


0.0 

Lavy} 
0.093 
0.018 
1.884 


23 


54.238 
0.165 
5.840 
0.090 
0.0 

17.968 
5195 
0.0 
0.079 
0.0 
0.0 

t3s23.5 

11.554 
C.336 
J. 101 
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96.1714 
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TABLE 24. CONT'D... 


MINERAL NO 520. Bie 
ACT ACT 


STRUCTURAL FORMULAE 


SES 4+ Tete 75839 
AL IV 0.228 0. 161 
SUM OF Z 3.000 38.000 
AL VI 0.205 0-185 
TI 4+ 0.0 0.0 

Yo 3+ 0.009 0.006 
CR 3+ 0.041 0.034 
FE 2+ 1.165 ave Sue 
aN 0.028 0.025 
co 0.0 0.011 
NI 0.009 0.013 
ZN 0.010 02013 
MG 3.566 3. 463 
SUM OF ¥ 551053 5.047 
cA 1.934 1.921 
NA 0.024 0.0 

K 0.018 0.0 
SUM OF X+A Mee Z AS 12.921 
NO OF ANIONS 23 2g 


WEIGHT PERCENT OXIDES 


sI02 54.834 55.108 
TIO2 0.0 0.0 

AL203 2-590 2.061 
¥203 0.080 0.057 
CR203 0.365 0.307 
FzO 9.829 10.900 
4NO 0.230 0.204 
coo 0.0 0.093 
NIO 0.076 0.111 
ZNO 0.093 v.119 
MGO 16.862 16.333 
CaO 1282368 128609 
NA20 og0st? O20 

K20 0.099 0.9 

TOTAL 1 97.900 97.900 


TOTAL 2 962901 96.180 
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54.320 
0.0 
2.154 
0.0 
0.050 

13.462 
0.234 
0.0 
0.0 
0.0 

15.202 

12.434 
0.0 
0.043 


97.900 
96.654 


537. 
ACT 


33525 
0.0 
3.050 
0.0 
0.074 

1335 1169 
0.308 
0.U 
0.0 
0.90 

15.199 

12. 338 
Qes2 
0.087 


Fi=900 
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23 


97.900 
96. 167 


54 3. 
ACT 


7190 
0.210 
8.000 


0.253 
05.0135) 
0.009 
0.018 
1.168 
0.071 
0.0 

0.010 
0.0 

3.514 
5.018 


1.864 
0.073 
0.020 
US eye 


Be 


55.114 
Q.329 
Zan Ont 
0.079 
0. 164 
9.3882 
0.091 
0.0 
0.092 
0.0 

16.080 

12.309 
0.267 
0.113 


97.900 
96.292 


544. 
ACT 


TOA, 
0.183 
38.000 


0.227 
0.0 

0.010 
0.012 
1.502 
0.031 
0.0 

0.012 
0.0 

J297 
Se 09 


1.369 
0.9 

0.010 
USER LS) 


97.900 
Ses uy 
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545. 
ACT 


72905 
0.095 
8.000 


05137 
0.0 

02006 
0.015 
1.510 
0.023 
0.005 
0.011 
0.010 
33379 
5.096 


1.866 
0.0 

0.009 
1.875 


23 


55.238 
0.0 
1.376 
0.055 
Os 137 
12.614 
0.190 
0.047 
0.092 
0.092 
15.843 

12.168 
0.0 
0.049 


97.900 
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TABLE 24. CONT'D... 


MINERAL NO 546. 547. 
ACT ACT 


STRUCTURAL FORMULAE 


SI 4+ de Day 72405 
AL IV 0.473 0.595 
SUM OF Z 8.000 8.000 
AL VI 0.375 0.417 
TE 4+ 0.015 0.016 
V3 0.0 0.011 
CR 3+ 0.020 0.008 
FE 2+ 1.739 2. 138 
AN 0.024 0.029 
NI 0.010 0.009 
cy 0.0 0.9 

ZN 0.005 0.007 
MG 2.953 2.466 
SUM OF Y 5.141 5.101 
CA V.. 8312 1.908 
NA 0.077 0. 087 
K 0.020 02025 
SUM OF X+A UBS! 2.020 
NO OF ANIONS 23 23 


WEIGHT PERCENT OXIDES 


S102 52.020 50.285 
TIO2 0.484 0.140 
AL203 4.972 5.828 
¥203 0.0 0.094 
CR203 0.179 0.069 
FEO 14.370 17.352 
MNO 0.200 e231 
NIO 0.082 0.075 
ZNO 0.045 0.062 
4GO 13.69% 41.235 
CAO 11.314 12.090 
NA20 0.276 0.306 
K20 ids walsh 
TOTAL 1 97.900 97.960 


TOTAL 2 972442 97.981 


S48. 
ACT 


Vo770 
0. 230 
8.000 


0.254 
0.0 
0.0 
0.033 
Vs.007 
05009 
02006 
0.0 
0.0 
as 790 
5.049 


1.920 
0.0 

0.007 
eS 2y7, 


23 


55.299 
0.0 
Za923 
0.0 
0.294 
8.572 
0. 162 
0.051 
0.0 
17.810 
122.75 
0.0 
0.038 


97.900 
95.970 


399 


TABLE 25. HORNBLENDES. 


MINERAL NO 012. U23. 
HORN HORS 


STRUCTURAL FORMULAE 


SI 4+ 6.638 6.574 
AL IV 1.362 1.426 
SUM OF 2 8.000 8.000 
AL VI 0.321 0.832 
TI 4+ 0.052 0.070 
Yo 3+ 0.007 0.0 
CR 3+ 0.011 0.0 
Bes 2s. 2.065 Posey!) 
MN 0.031 0. 030 
NI 0.0 0.90 
ZN 0.0 0.0 
4G 2. 163 1. 907 
SUM OF Y 55, 1S.0 5. 158 
CA 1.888 1.2811 
NA 0. 300 02452 
K 0.045 0. 066 
SUM OF X+A 2233 22329 
NO OF ANIONS 23 23 


WEIGHT PERCENT OXIDES 


SIo2 445845 43.946 
TIO2 0.467 0.620 
AL203 W.50 12.904 
¥203 0.062 0.0 

CR203 0.092 0.0 

PEO 16.681 13.534 
MNO 0.246 0523.9 
NIO 0.0 0.0 

ZNO 0.0 0.0 

NGO 9.804 aa953 
CAO ie gee 11300 
NA2O 1.047 We559 
K20 0. 238 0. 344 
TOTAL 1 97.900 97.900 


TOTAL 2 98.165 98.709 


O48. 
HOR8N 


6.235 
1. 765 
8.000 


1.360 
0.048 
0.008 
0.008 
1.697 
0.034 
0.0 

0.0 

19.216 
Sn 151 


aS 
On373 
0.069 
25) 255 


23 


42.740 
0.442 
AS ote? S) 
0-070 
0.070 
13. 90:9 
0.279 
0.0 
0.0 
9.180 
11.347 
1. 319 
0.369 


97.900 
98.363 


051. 
HORN 


6.730 
1.270 
8.000 


0.802 
0.040 
0.0 

0.0 

1.865 
0.025 
0.007 
0.0 

2.387 
ie 210 


agOW, 
0.286 
0.032 
Pa PogAe's 


23 


45.871 
0.367 
11.980 
0.90 
0.0 
T5s,13)8 
0.202 
0.053 
0.0 
10.918 
12. 130 
1.004 
Oey 2 


97.900 
97 ets 


Fuocoo-CGCOCOC0O 
oe © «© 6 ee 6 
woFOOONOOCON 


136. 
HORN 


6-236 
1.714 
8.000 


1.051 
0.051 
0.008 
0.0 

2-894 
0.046 
0.0 

0.008 
12085 
Sees 


1.861 
0.471 
0.130 
2-402 


23 


4O.987 
0.445 
15%.29'5 
0.063 
0.0 
22.5614 
0.358 
0.0 
V.007 
4.749 
Ve 323) 
1.384 
0.663 


972900 
938.237 


186. 
HORN 


6.384 
1.616 
8.000 


0.962 
0.032 
0.021 
0.0 

2.3893 
0.046 
0.0 

0.0 

1. 1,53 
5.026 


1.882 
0-456 
06 135 
22473 


23 


41.600 
J. 280 
14.250 
0.169 
0.0 
225239 
0.351 
0.0 
2.0 
5.039 
11.447 
1. 533 
0.691 


97.900 
93.563 


41.089 
0.304 
loess 1/8) 
0.088 
0.0 
22.684 
ORisi22 
O20 
0.0 
Qala 
leisy 
1.384 
0.678 


97.900 
938.238 


186. 
HORN 


6.348 
ne 6)512 
8.000 


1.069 
0.031 
0.013 
0.0 

22903 
0.046 
0.007 
OF Ons 
1.054 
5.138 


1.866 
0.378 
On. 125 
ZiesiGns 


23 


461.406 
Oa2ios 

15.058 
0.107 
0.0 

225.6307, 
0.357 
0.060 
0.134 
4.614 


414.3505 
ti, DAD. 


0.638 


97.900 
98.053 


400 


308. 
HOBN 


6.501 
1.499 
8.000 


Ne 122 
0.03; 
ee) 9/5) 
0.0 

PASS) 
0.037 
0.016 
0.0 

1.641 
5j~ 1013 


1.850 
0.354 
0.050 
22254 


23 


43.664 
Ol 275 
14.933 
0.046 
0.0 
18.075 
0.292 
0. 136 
0.0 
72394 
136 
1.228 
0.263 


37). 500 
Dieses) 


a 
Si... TE 


ait 
rE 


re 
G20 ,t 
060.8 


£90\! 
#2640 


hy 
ODE 6 
€ys.e! 
6e0.¢ 
ah 
oe ,3% 
BSE wA 
i 0.0 
C6 
Trt .0 
" Of tf 
#44, .i 
oté.¢ 


oe, te 


BL1.3¢ 


ann} 


| 


oF 


aeBt 
eich wane. 
etlLut afe.? 
ert it one .0 
8og.8 060.8 
ra .t tro .8 
r2b.o Ost 
auu,.d o.¢ 
a0 Ao0.6 
#@8.4 eos .7 
eee. ere .G 
Q~b 9,8 
CL. ae ee 
2B. FE me 
£8). .@ 202 4? 
‘Tt @h.f SOG 2 
tre. ELC wo 
Git wt 0.0 
£68 5 200.6 
es ta 
Fee.0e C6L Be 
ter,0 Ow 
evi.ch boee.t 
eeu s? Nak 
v.e H#ea.e 
T 6cu86 ott «Of 
LSS nG fe Fie 
Tal 6.6 
er #52 84 
bce ath, Veelct 
| OYE, 4 T B28 WO 
Ou nte: Cette 
Cebsde WALTH 
\ 


a ee 
? a] 


Tote peeae a 
athe 


ett 


TABLE 25 . CONT’D..- 


MINERAL NO 37/6. 380. 
HORN HORN 


STRUCTURAL FORMULAE 


SI 4+ 6.645 62282 
AL IV Posies) ta718 
SUM OF 2 3.000 8.000 
AL YI 0.830 1.208 
TI 4+ 0.057 0.033 
Vi 433% 0.0 0.90 
CR 3+ Q.0 0.0 
PE 2+ 1.981 1.685 
MN 0.035 0.009 
co 0.0 0.0 
NI 0.0 Q. 
ZN 0.007 0.0 
MG 2.248 2.318 
SUM OF Y Sy eke! oe 2o3 
BA 0.0 0.0 
CA 1.340 1. 644 
NA 0.389 0.632 
K 0.023 0.021 
SUM OF X+tA Jaco 2a297 
NO OF ANIONS 23 23 


WEIGHT PERCENT OXIDcS 


S102 BSS0D8) 8439S 117 
TIO2 0.511 Os 297) 
AL203 12501) P17A03'5 
vV203 0.0 0.0 
CR203 0.0 0.0 
FEO VosQe} W3Is822 
MNO 0.279 0.069 
jexeTo) 0.0 O.U 
NIO 0.0 0.9 
ZNO 0.064 0.0 
BAO 0.0 0.0 
MGO 103229 102675 
CAO 11.646 10.533 
NA20 1.360 Lael 
K20 Wey a 17473 Co HS 
TOTAL 1 97.900 97.900 


TOTAL 2 97.799 98.865 


496. 
HORN 


6.494 
1.506 
8.000 


0.935 
0.033 
0.011 
0.008 
2-648 
0.029 
0.0 

0.013 
0.011 
1.506 
5-194 


0.0 

1.836 
0.358 
0.064 
22258 


43.659 
0.298 
13.790 
0.051 
0.122 
18.790 
0.263 
0.0 
0.071 
Ost 77 
0.0 
7.670 
11.612 
1.008 
0.384 


97.900 
93.581 


501. 
HORN 


6.777 
1.223 
8.000 


0.849 
0.014 
0.0 

0.010 
22212 
0.031 
0.0 

0.012 
0.016 
2.0390 
52234 


0.011 
1.790 
0.243 
0.031 
2.064 


23 


45.655 
0.122 
11.340 
0.0 
0.081 
17.314 
0.247 
0.v 
Q3097 
Ye 142 
VU. 194 
9.446 
WiS253 
0. 846 
0.105 


97.900 
J5e399 


503. 
HORN 


6.505 
1.495 
8.000 


0.953 
0.142 
0.0 

De \010)7 
2-050 
0.029 
0.006 
0.010 
0.009 
iced 7 
4.533 


0.0 

1.938 
0. 335 
Ve073 
2-346 


758 


43.332 
1.276 
135995 
0.0 
0.059 
16L5/ 05 
0.229 
2-054 
0.083 
9.079 
0.9 
8.035 
12.190 
1.166 
0.388 


97.900 
97.031 


503. 
HORN 


66.919 
1.481 
8.000 


0.947 
0.033 
0.018 
0.006 
2-700 
0.033 
0.0 

0.008 
6.023 
ASN, 
Saisie) 


0.0 

wsegsy7 
0.338 
0.095 
Dave 10 


23 


42.933 
0.293 
13.568 
0.148 
0.052 
Piles AU 
0.257 
0.0 
0.067 
0.206 
0.0 
6.180 
11.294 
1.1349 
0.492 


$7.900 
UA ve) 


401 


SIS 
HORN 


6.386 
1.614 
8.000 


1.033 
0.042 
0.011 
0.0 

2.741 
0.033 
0.0 

0.0 

0.005 
1.290 
5-161 


0.0 

1.843 
0.389 
0.081 
2-338 
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TABLE 25. CONT*D... 


MINERAL NO 51766 Se 
HORN HORN 


STRUCTURAL FORMULAE 


SI 4+ 6.563 6.594 
AL IV 1.437 1.406 
SUM OF @ 8.000 8.000 
AL VI 0.980 0.957 
TI 4t 0.043 0.064 
Vo 3+ 0.007 0.012 
CR 3+ 0.006 0.010 
PEF 2 2008 2-006 
aN 0.023 0.029 
co 0.0 OVS ON) 3 
NT 0.0 02014 
ZN 0.005 0.023 
MG 1.967 1.9383 
SUM OF Y 5-102 5.110 
BA 0.0 0.0 
CA 1.324 1.343 
NA 0.435 0-314 
K 0.070 0. 078 
SUM OF X+#A 2.2329 PIP Yo} 
NO OF ANIONS 23 23 \ 


WEIGHT PERCENT OXIDES 


sro2 Yucsi2: 8 44579 
TIO2 07. Bow 0.579 
AL203 13 7eF 13.2552 
¥203 0.063 OQ. 100 
CR203 0.051 U.0d6 
PEO 16.721 Boy 23a) 
480 Qos 0232 
coo 0.0 oye NOS 
NIO 0.U Oeste 
ZNO 0. O42 Ome it 
BAO 0.0 0.0 

4GO 8.913 3.994 
CAO 11.498 116.29 
NA2O Ve sia) 1.096 
K20 0. 369 0.413 
TOTAL 1 97.900 97.900 


TOTAL 2 95.381 96.250 


a 22s 
HORN 


6.533 
1.467 
8.000 


13253 
02032 
0.009 
OG.12 
1.646 
0.024 
0.009 
0.007 
0.009 
1.828 
4.3829 


0.0 

22084 
0.277 
0.023 
2.300 


23 


44.818 
0-296 
15.828 
0.080 
QeM05 
133507 
0219/3 
0.080 
0.2057 
0.0385 
0.0 
8.414 
13.341 
0.981 
0.122 


97.900 
97.013 


532-< 
HORN 


6.462 
1.538 
8.000 


1.063 
0.0338 
0.008 
0.90 

2.126 
0.028 
0.U 

0.010 
0.0 

1.833 
5. 106 


0.0 

1.360 
0.405 
0.054 
Bash iN) 


23 


435/533 
0.341 
14.363 
0.065 
0.0 
Ton 20) 
0.224 
0.0 
0.083 
0.0 
0.0 
8.237 
11.691 
1.408 
0.284 


97.900 
97.549 


534. 
HORN 


7.2110 
0.890 
8.000 


0.816 
0.025 
0.0 

0.007 
Hoe est 
0.029 
U.0 

0.90 

0.005 
2. 303 
3-082 


0.90 

Vai 
0.251 
0.020 
2-962 


23 


438.777 
0.225 
95927 
0.0 
0.061 

15.560 
0.237 
0.0 
0.0 
0.0590 
0.0 

10.598 

11.469 
0.889 
0.106 


97.900 
36.609 


5139s 
HORN 


6.368 
1.632 
3.000 


0.948 
0.041 
0.010 
0.0 
2.435 
0.023 
0.0 
0.0 
0.0 
2.001 
5.458 


0.0 

1.604 
0.412 
0.058 
2-074 


23 


42.531 
0.362 
14.616 


402 


538. 
HORN 


6.975 
1.025 
8.000 


0.629 
0.018 
0.0 

0.0414 
1525 
0.019 
0.0 

0.010 
0.0 

2a B31 
52073 


0.002 
1.892 
0.340 
0.046 
2-270 


23 


43.106 
0.161 
9.680 
0.0 
0.359 

125506 
0.156 
6) 80) 
0.089 
0.90 
0.036 

$35 109 

125180 
Ver2i010 
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TABEE 25. "CONT" Deo 


MINERAL NO 540. 541. 
HORN HORN 


STRUCTURAL FORMULAE 


Sa "+ 6.799 7.4541 
AL IV 1.201 0.559 
SUM OF 2 3.000 3.000 
AL VI 0.783 0.325 
ek a ¢ 0.024 0.010 
Ve ot _ 0.011 0.005 
CR 3+ 0.005 0.044 
re 2 2-042 1.300 
My 0.027 0.024 
co 0.0 0.0 
NI 0.0 0.009 
ZN 0.0 0.0 
MG 221255 3.382 
SUM OF Y 52147 5.099 
CA 1.856 1.924 
NA 0.321 0.103 
K 0.029 0.015 
SUM OP X+A 2.206 2- 042 
NO OF ANIONS 23 23 


WEIGHT PERCENT OXIDES 


sto2 46.097 52.069 
TIO2 0.214 0.097 
AL203 11.409 56 249 
¥203 0.089 0.048 
CR203 0.047 0. 385 
FEO fes55t }§610638'7 9 
MNO 0.216 0.196 
coo 0.0 0.0 

4NIO 0.0 0.078 
ZNO 0.0 0.0 

1GO 10.256 155878 
cao T1tS74#2 12.5566 
NA2O 1.122 0.370 
K20 0.156 0.085 
TOTAL 1 97.900 97.900 


TOTAL 2 91.728 96.184 


S43. 
HORN 


Ponto 
0.809 
8.000 


0.544 
0.019 
0.009 
0.017 
#2529 
Q.022 
0.0 

0.012 
0.0 

PEAS REND | 
5.149 


1.804 
0.257 
0.039 
Ze 100 


97.900 
SEN ie 


S44, 
HORN 


6.422 
P73 
8.000 


1075 
0.079 
0.007 
0.007 
2-156 
0.027 
0.0 

0.011 
0.006 
1.760 
Dyes, 


1.8390 
0.337 
0.028 
2-245 


23 


43.245 
0.710 
15.158 
0.059 
0.057 
17.360 
0.215 
0.0 
0.096 
0.055 
7953 
11.500 
1.345 
0.148 


97.900 
972520 


45.037 
OS277 
13.314 
0.067 
0.0560 
16.341 
0.191 
0.070 
0.U 
0.0 
9.464 
11.564 
1.194 
0.319 


97.900 
AEP 


546. 
HORN 


6.604 
1.396 
8.000 


0.968 
0.054 
0.009 
0.009 
2-063 
0.021 
0.0 

0.007 
0.90 

1.986 
5.122 


1.8113 
0.381 
0.054 
2-246 


97.900 
97.289 


547. 
HORN 


6.579 
1.421 
8.000 


0.940 
0.029 
0.011 
0.012 
2-503 
0.026 
0.0 

0.005 
0.0 

1.609 
SP eie) 


1.848 
02355 
0.9087 
2.2384 


23 


43.729 
0.254 
138 
0.095 
0.098 
19.885 
0.203 
0.0 
0.043 
0.90 
PoATS 
11.463 
We2t5 
0.421 


97.900 
33.261 


85.792 
0. 340 
132395 
0.048 
Oa 17 
11.646 
Os 151 
0.0 
0.072 
0.0 
12.009 
12. 167 
1.075 
0.389 


97.900 
96.531 
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TABLE 26. EPIDOTES. 


MINERAL NO One 181. 
EP EP 


STRUCTORAL FORMULAE 


SI Ue 369/50 5-985 
AL IV 4.050 4.015 
SUM OF Z 10.000 10.000 
TI 4+ 0.0 0.008 
FE 3+ 0.628 0.649 
Vw 3% 0.0117 0.025 
SUM OF Y 2.011 2.017 
Peed + 0.018 0.012 
MN 0.006 0.0 
co 0.0 0.0 
Zu 0.006 0.008 
BA 0.0 0.0 
cA 3. 9710 3. 980 
SUM OF X 4.000 4.000 
NO OP ANIONS 25 25 
BS 3 32 


WEIGHT PERCENT OXIDES 


SI02 S65 32)) 3957 35.0 
TIO2 0.0 0.073 
AL203 295718) —295202 
PE203 5.564 5.639 
¥203 0.092 0.205 
CR203 O- 10:7; 0.092 
MNO 0.042 0.0 

ZNO 0.051 0.073 
BAO 0.0 0.0 

CAO 23.994 24.037 
TOTAL 1 98.100 98.100 


TOTAL 2 98.954 99.256 


308. 
EP 


6. 139 
4.000 
10.139 


0.008 
0.784 
0.013 
1.966 


0.0 
22.740 


98.100 
9629.97 


6.099 
4.000 
10.099 


498. 
EP 


5\- 967 
4.033 
10.000 


499. 
EP 


52954 
4.046 
10.000 


0.014 
1.134 
0.052 
2.008 


23-765 


98.100 
Ose ala 


501. 
EP 


6-027 
4.000 
10.027 


0.0 

1.025 
0.026 
2.000 


0.014 
0-012 
0.0 

32012 
0.006 
3.3896 
3.940 


DS 
on 


38. 560 
0.0 
26.714 
3.336 
0.208 
0.224 
2.093 
0.101 
0.098 
23.266 


38.100 
97.942 


303 = 
EP 


5.998 
4.002 
10.000 


0.0 
05 7.55 


U.0 
23-622 


98.100 
938.776 


6.028 
4.004 
10.028 


0.017 
1.082 
0.033 
1.995 


0.0 

0.005 
0.012 
0.012 
0.0 

3.898 
SIS) 727 


25 
54 


38.536 
0L097 
26.372 
Se 1.98 
0.266 
0.140 
0.040 
0.103 
0.0 
23.255 


98.100 
98.291 
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TABLE! 26, -CONTYDs = + 


MINERAL NO Sais. 522. Saiz 534. o316- Sire aye Rohe 540. 541. 544. 
EP EP EP EP EP EP EP EP EP EP 


STRUCTURAL FORMULAE 


SI 4+ 6.183 6.067 5.990 5 95ite oe ld 5.960 5.941 5.971 5.967 5.989 
Rie; 4.000 4.000 4.010 4.043 4.000 4.040 4.059 TL (YA) he fe) eV 4.011 
SUM OF Z lOenese 10e067)  TOS000) VOS000) WOS0edm 10OS000N OrO0O 105000! a0s000 102000 
AL, VE 0.655 1.041 ata  § Wo Thle Ou 1.204 1.078 1.182 1.165 0.943 
TI 4+ 0.0 0.0 0.0 0.009 0.0 0.0 0.0 0.0 0.008 0.009 
FE 3+ AatitnS 0.811 0. 880 Te229 70e98% 0.773 OS iee On T S97 0.715 1.002 
Wo 3h 0.068 0.041 0.029 0.031 0.019 D012 0.026 0.012 0.025 0.030 
CR 3+ 0.013 0.045 05040) “020113 0.008 0.011 0.038 0.009 C2087 102046 
SUa OF Y 1.855 1.938 2.000 2.000 2.000 2.000 22019 2.000 2.000 2.000 
FE 2+ 0.0 059 0.0 0.088 0.005 0.053 0.0 0.086 0.035 0.055 
4N 0.011 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.016 
NI 0.0 0.012 0.0 Or0 0.0 0.0 0.005 0.008 0.0 0.008 
ZN 0.005 0.011 0.0 0.0 0.0 O=0 0.0 0.0 0.0 0.0 
BA 0.0 0.013 0.0 0.0 0.006 0.0 0.007 0.004 0.0 0.0 
CA 32334 3.923 3.880 3.886 3.738 3.941 3.989 3.871 3.960 3.39 
NA 0.0 0.0 0.0 0.0 Onedi28 0.0 Oe 0.0 0.0 0.0 
SUM OF X 3.350 3.959 35968 Ss o7k 3.909 3.994 4.001 3.969 3.995 3.97 
NO OP ANIONS 25 25 25 25 25 25 25 25 25 25 

PS 60 44 uy 61 47 39 43 40 36 50 
WEIGHT PERCENT OXIDES 

sIo2 Z9550u 395021) 38.605, 3726880 SOIT Sosus Sa I0Ge ssa sosm acestsa, sieea22 
TIO2 0.0 ae 0.0 0.073 0.0 0.0 9)50) 0.0 0.068 0.076 
AL203 258291) 272508 281300 82Sn66u Woes0? —28ees6 272957) 2e.aeu eetuog) Deseo 
FE203 9.527 6.934 F537 Ot tealo, T2615 7.084 7.476 7.566 6.422 3.993 
¥203 0.545 0. 326 0.232 Oe ws) 0.157 0.094 0.209 0.099 0.200 0. 240 
CR203 0.109 0. 368 0.083 On10/5. ) (On 064 0.087 0.307 0.072 0.711 0.133 
MNO 0.082 0.0 v.0 0.0 0.0 0.0 0.0 0.0 0.0 0.128 
NIO 0.0 0.099 0.0 0.0 0.0 0.0 0.041 0.066 0.0 0.067 
ZNO 0.041 0.0938 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
BAO 0.0 0.205 0.0 0.0 0.097 0.0 0.116 0.065 0.0 0.0 
CAO OL PAG Pease, Assi!  e2sGhP WETS) PEL Ms yey MBP iael 2A Peo) 
NA2O 0.0 0.0 0.0 0.0 0.410 0.0 0.0 0.0 0.0 0.0 
TOTAL 1 98.100 98.100 98.100 98.100 98.100 98.100 98.100 98.100 98.100 98.100 


TOTAL 2 S7agts 698.667 98.057) IOS OmeIse SIZ 965604 B97 963 S72 985169 BSI 539 
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TABLE 26. CONT'D... 


MINERAL NO S47. 548. 
EP EP 


STRUCTURAL FORMULAE 


oa + Se 976 6. 142 
AL IV 4.024 4.000 
SUM OF Z 10.000 10.142 
Me, wyle 0.631 1. 643 
TI 4+ 0.0 0.008 
FE 3+ 1.1292 0.235 
Vo 3+ 0.061 0.023 
CR 3+ 0.016 0.013 
SUM OF ¥ 2.000 1.9174 
EZ 2+ 0.034 0.0 
MN 0.007 0.0 
co 0.006 0.0 
NI 0.008 0.0 
ZN 0.0 0.0 
BA 0.006 0.0 
CA 3.934 3.8238 
SUM OF X BSN) Ss) 3.323 
NO OF ANIONS 25 a5 

PS 65 12 


WEIGHT PERCENT OXIDES 


S540) 73 37moste POLST: 
TIO2 0.0 0.068 
AL203 245998) 3155184 
PE203 Tey, 2.065 
¥203 0.480 0.136 
CR203 0-132 Oo111 
MNO 0.056 0.0 
coo 0.048 0.0 
NIO 0.066 0.0 
ZNO 0.0 0.0 
BAO 0.089 0.0 
CAO 232242 23.571 
TOTAL 1 98.100 98. 100 


TOTAL 2 100.312 98.639 


33.697 
0.0 

23.749 
6.617 
0.191 
0.101 
0.047 
0.0 

0.046 
0.0 

0.133 
2359 V9, 


98.100 
99.563 


499. 
zOIs 


5.968 
4.032 
10.000 


03523 
0.010 
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TABLE 27.. GARNETS. 


SINERAL NO 


035. 
GRNA 
CORE 


STRUCTURAL FORAULAZ 


SI 4+ 

AL IV 
SUM OF 2 
AL VI 

TI 4+ 

FE 3+ 

CR 3+ 
SUS OF Y 
PE 2+ 

AN 

NI 

vA) | 

BA 

MG 

CA 

SUM OF X 


NO OF AHIONS 


wwWwNnorcreoewn 


Wocrooncost 
Ow Ww 
Din Ww 


WEIGHT PERCENT OXIDES 


SI02 
TIO2 
AL203 
CR203 
PEO 
MwO 
NIO 
ZNO 
BAO 
4GO 
CAO 


TOTAL 1 
TOTAL 2 


372095 


100.000 
102. 629 


37.039 
0.0 
21.543 
Q.0 
33-657 
3.200 
0.095 
0.0 
0.0 
Dis aN 
1.664 


100.000 
10'2559'9)5 


O49. 064. 
GRNA GRNA 
EDGE CORE 


0.0 0.0 
0.070 0.061 
0.0 0.9 


S70S5" 37.395 


0.9 0.0 
20.532 20.560 
0.0 0.0 


292512 26.389 
72027 6.988 
0.085 0. 103 
0.045 0. 166 
0.0 0.0 
Vey tat 05 505 
4.572 TASES 


375563 
0.066 

20.939 
0.054 

27.905 
52229 
0.098 
02194 
0.0 
0.183 
Use) 


100.000 100.000 100.000 
99.408 100.199 100.371 


37.061 
0.0 

20.447 
ORD 

Dike 
3.063 
0et2'5 
0.0 
0.0 
0.314 
6.201 


37.045 
0-0 

21.074 
0.0 

30.690 
3.960 
0.046 
0.0 
0.9 
0.290 
6.896 


36.965 
0.0 
20.989 
0.0 
27.729 
8. 173 
0.110 
0.0 
0.0 
0.231 
5.803 
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TABLE 27. CONT! D...< 


MINERAL NO 495. 495. 528.6 528. 550. 550. Se 55:1 5525 503 
GRNA GRNA GRNA GRNA GRNA GRNA GRNA GRNA GRNA GRNA 
EDGE CORE EDGE CORE CORE EDGE EDGE EDGE EDGE EDGE 


STRUCTURAL FORMULAE 


SI 4+ 5. 966 5-964 52997 5.997 5.931 5.989 6.020 6.029 6.035 6.024 
AL IV 0.034 0-036 0.003 0.003 0.019 0.019 0.0 0.0 0.0 0.0 
SUM OF Z 6.000 6.000 6.000 6.000 6.000 6.000 6.020 6.029 6.035 6.024 
AL VI 4.072 4.008 4.005 4.030 4.026 4.042 4.028 3.914 3.985 3.965 
FE 3+ 0.90 0.0 0.0 0.0 0.0 0.9 0.0 0.070 0.0 0.0 
CR 3+ 0.0 0.90 0.0 0.0 0.007 0.0 0.0 0.90 0.013 0.006 
SUM OF Y 4.072 4.008 8.005 4.030 4.033 4.042 4.028 3.984 3.998 6.001 
Pie 2+ 4.523 § 55.9 3.944 3.348 36728 4.389 4.640 4.661 4.330 4.500 
MN 0.014 0-041 1.108 1.044 0.703 0.081 02113 Qari 0.202 0.282 
NI 0.0 0.006 0.018 0.014 0.011 0.0 0.006 0.015 0.015 0.010 
ZN 0.0 0.0 0.025 0.0 0.010 0.0 0.010 0.016 0.019 0.015 
BA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.006 0.003 
NG 0.712 0.551 0.188 0.160 0.0 0.103 0.870 0.917 0.344 0.0 
CA 0.660 0.849 0.710 0.390 dis pls 1.374 0.278 0.276 1..0i1'6 1.29185 
Sum oF ¢£ 35909 6.006 5-993 5.956 5-961 5.947 aS) e 6.000 55932 52995 
NO OF ANIONS 24 24 24 24 24 24 24 24 24 24 
@EIGHT PERCENT OXIDES 

ST02 iB Zket/ SGC SSRGTAN SII)  sia@syl S/o shiooee SYaSSs shysse sy SOA 
AL203 2iesiteecis 360 20.908 213 212 258me Ain ss 5 20.3825 20685) 6276019 20696 
CR203 0.0 0.0 0.0 0.0 0.053 0.0 v.0 0.0 0.101 0.050 
PEO 33.862 33.931 28.988, 29.380 275595 32.500 ) 38.700) 39.220 32.495 33%. 100 
MNO 0.103 0.301 8.039 7.608 5-143 Qs295 0.837 0.847 1.485 2.046 
iro Q.0 . 0.048 0.134 0.107 0.085 0.90 0.044 0..Mi1'5 Osama 0.074 
ZNO 0.0 0.0 022172 0.0 0.0385 0.0 0.083 0.134 0.160 0.122 
3A0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7101 0.040 
MGO 2-994 2-301 0.777 0.664 0.0 0.428 3.653 3-833 1.434 0.0 
cag 3505 4.933 4.076 5.127 8.749 712953 1.626 1.606 ByRsie)”2 6.307 
TOTAL 1 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 


TOTAL 2 102.506 102.950 103.441 TOS. 107 TO2Z[822 1025737 10.262 1025072 995894 99.697 
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TABLE 27. CONT'D... 


MINERAL WO 152. 
GRNA 
EDGE 


STRUCTURAL FORMULAE 


SI 4+ 5.993 
AL IV 0.007 
SUM OF 2 6.000 
AL VI 4.029 
TI 4+ 0.0 

FE 3¢ 0.0 

VineJ3+ 0.0 

CR 3+ 0.0 

SUM OF Y 4.029 
FE 2+ Sie 31 
MN 260.20 
co 0.0 

NI 0.019 
ZN 0.006 
BA 0.004 
MG 0.991 
CA 0.681 
SUM OF X S959 


NO OF ANIONS 24 


WEIGHT PERCENT OXIDES 


sito2 36.782 
TIO2 0.0 

AL203 PAHO) Gis) 
¥203 0 

CR203 0.0 

FEO 22 WS 
MNO 14.688 
coo Q.Q 

NIO Oe. 47 
ZNO 0.053 
BAO 0.064 
4GO 0.374% 
CAQ 36903 
TOTAL 1 100.000 


TOTAL 2 102. 845 


10.458 


100.000 
99.873 


W7t. 246. Z25/0;< 
GRNA GRHA GRNA 
EDGE CORE CORE 


6.9020 6.020 6.000 
3-940 3 99)5 4.001 
0.0 0.012 0.013 
0.050 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
3%, 9910 4.007 4.014 


0.0 0-0 0.006 
0.0 0.0 0.0 
Of 0.515 0.0 0.0 
0.581 1.044 1.963 
6.000 5.943 5.970 


366, 190m 3:16, 120" * Sie S73 


0-0 0.100 Q.14112 
20.431 20.898 217.1938 
U.0 0.0 0.9 
v.90 0.0 0.0 


125089 “15. 753) Veeiys 


0.0 0.0 0.053 
0.0 0.0 0.0 
02.227) 0.0 0.0 
3-314 6.007 11.443 


Ee) Pe =)=) 


0.369 
10.336 


100.000 100.000 100.000 100.000 
101.352 101.700 101.2240 107.410 


360,912 
0.0 
20.966 
0.0 
0.0 
27.698 
te 233) 
0.9 
0.120 
0. 106 
0.0 
Ve 333 
6.626 


37.234 
0. 130 
20.939 
0.055 
0.0 
21.839 
10.616 
0.0 
0.137 
v.058 
0.0 
0-0 
8-992 


Bienen 
0.0 

20.600 
0.0 
0.0 

26.443 
8.234 
0.0 
0-121 
0.078 
0.0 
0.903 
6.439 
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By) 5727/00) 
0.0 
21.462 
0.0 
0.0 
305,999 
2-109 
0.0 
0.090 
0.065 
0.0 
1.885 
6.119 


100.000 160.000 100.000 100.000 
ISQoszi2 Os sit 


100.115 103.197 
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TABLE 2/- COND" Desc 


MINERAL NO 351. 
GRNA 
CORE 


STRUCTURAL FORMULAE 


SI Ye 55.950 
AL IV 0.050 
SUM OF 2 6.000 
AL ¥I 3.990 
FE 3+ 0.010 
CR 3+ 0.9 

SUM OF Y 4.000 
fe) 2+ 4.011 
MN 0.426 
co 0.0 

NI 0.013 
CU 0.0 

ZN 0.007 
BA 0.0 

MG OeswzZ 
CA 1. 199 
SOM OF X 6.028 


NO OF ANIONS 24 


3716 Be 
GRNA GRNA 
EDGE CORE 


0.011 0.0 
0.0 0.0 
4.000 4.000 
4.001 4.067 
0.067 Orerculwl) 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.9 0.0 
0.0 Q.0 
Oe, 153 0.133 
eS) 1.487 
6.016 6.029 
24 24 


WEIGHT PERCENT OXIDES 


sio2 36.996 
ZRO2 0.0 
AL203 2a Sli 
CR203 0.0 
PEO 292391 
MNO Beco 
coo 0.0 
NIO 0.102 
CuO 0.0 
ZNO 0.060 
BAO 0.0 
MGO Wes 
CAO 6. 956 
TOTAL 1 100.000 
TOTAL 2 103.110 


Sai) VSsOS you 


0.0 1.5691 


21.230 20.840 


ail 
88 
100.000 100.000 
102.056 102.545 


39/5 391. 402. 
GRNA GRNA GRNA 
EDGE EDGE EDGE 


0.9 0.0 0.9 
0.009 0.017 0.008 
0.0 0.0 0.9 
0.005 0.0 0.0 
0.0 0.0 0.003 
0.950 0.853 0.371 
0.341 Oasis 1.209 
5-942 6.037 52924 
24 24 24 


Beales RWG eA BR SEKOL 


0.0 0.0 0.9 
PUN SI22 Ce AOA Py PAIS IELS) 
0.9 0.9 0.0 


0.0 0.0 0.0 
0.069 Orsuaical 0.066 
0.0 0.9 0. 
0.046 0.0 0-0 
0.90 0.0 0.048 
a9 59 3< 557 125553 
We Oory 1.954 72036 


100.000 100.9000 100.000 
98.380 100.875 102.943 


1 STRUCTURAL FORMULA CORRECTED FOR ZIRCON CONTAMINATION 


100.000 
103.0 16 


375299 
0.0 

21.448 
0.0 

33.831 
0.093 
0.080 
0.109 
0.0 
0.046 
0.0 
2-629 
4.465 
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495. 
GRNA 
ZDGE 


5.326 
0.074 
6.000 


3.98 
0.011 
0.0 
4.000 


Roose 
0.015 
0.005 
0.019 
0.046 
0.007 
0.0 

Qs 72u, 
0.684 
6.038 


24 


36.900 
0.0 
21.466 
0.0 
BBS 32K 
0.172 
0.059 
0.145 
0). 379 
0.058 
0.0 
3.038 
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TABLE 27. CONT'D... 
MINERAL NO D625 
GRNA 
EDGE 


STRUCTURAL FORMULAE 


SI 4+ 

AL IV 
SUS OF Z 
AL VI 

TI 4e 

FE 3¢ 

VY 3+ 

CR 3+ 
SUS OF Y 
FE 2+ 

4M 

co 

NI 

vA. | 

BA 

4G 

CA 

SUA OP X 


NO OF ANIONS 


@EIGHT PERCENT OXIDES 


SIo02 
TIO2 
AL203 
¥203 
CR203 
FEO 
4NO 
COO 
NIO 
ZNO 
BAO 
MGO 
CAO 


TOTAL 1 
TOTAL 2 


SES 21 Te 
0.0 
ANA EBNS) 
0.90 


100.000 
97.968 


37.059 


100.000 
99.277 


100.900 
100.376 


37.477 
0.057 
2029/25 
0.0 
0.0 
27.060 
Uo ek’) 
0.0 
05079 
0.056 
0.0 
Oa 193 
6.960 


00.000 
99.762 


563. 


37. 433 
0. 066 
20.794 
0.0 
0.047 
22.2406 
95343 
0.050 
0.119 
DEE: 
0.90 
0.9 
9.653 


100.000 
98.537 


569. 570. 
GRNA GRNA 
EDGE EDGE 
6.072 6.031 
0.0 0.0 
6.072 6.031 
3.935 3.956 
0.0 0.0 
0.0 0.005 
0.006 0.90 
0.008 0.0 
3.949 3.9617 
32019 4.398 
We22o 0.385 
0.0 0.0 
0.011 0.008 
0.016 0.0 
0.005 02003 
0.90 0.0 
1.656 0.706 
Spe)e\73 6.000 
24 24 
SVe 7 O58 5653.93 
0.9 0.0 
202765 20.498 
0.046 0.0 
0.065 0.0 
222-457 32.148 
8.998 6.383 
0.0 0.0 
0.088 0.058 
Oe 132 0.0 
0.075 0.054 
0.90 0.0 
9.612 4.027 
100.000 100.000 
99.640 100.5931 


Bie 33 
0.067 
20.772 
0-0 
0.094 
21.612 
10.300 
0.0 
0.104 
0.1290 
0.068 
0.0 
9.330 


100.000 
99.544 


37.974 


100.000 
99.910 
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Sais Se 
GRNA GRNA 
EDGE EDGE 


3936 3= 967 
0.0 0.0 
0.057 0.026 
0.0 0.0 


0.054 OS als: 
0.0 0.012 
0.007 0.0 
0.0 0.007 
0.90 0.0 
1.842 US UNS 
0.798 0.845 
6.032 6.030 
24 24 


382767 38.565 


0.0 0.0 
0.060 0.058 
BS AN Ps) UGNS) 
0.415 0. 882 
0.0 0.096 
0.059 0.0 
0.0 0.0568 
0.0 0.0 


100.000 100.000 
99.476 100.990 
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TABLE? 27%) CONT! Ds c's 


MINERAL NO 1522 005. 010. 050. 087. 106. 119. 262. 3335 342. 
GRNA GRNA GRNA GRNA GRNA GRNA GRNA GRNA GRNA GRNA 
CORE EDGE EDGE EDGE EDGE EDGE EDGE EGDE EDGE EDGE 


STROCTURAL FORMULAE 


SI 4+ 6.015 6.028 6.008 5-995 6-002 Sor 6.032 5-988 5.993 6.017 
AL IV¥ 0.0 0.0 0.0 0.009 0.90 0.003 0.0 0.012 0.007 0.0 
SUM OF Z 6.015 6.028 6.008 6.000 6.002 6-000 6.2932 6.000 6.000 6.017 
AL VI 4.019 4.009 4.031 4,039 4.013 4.028 4.016 4.019 4.018 $.023 
TL Ye 0.0 0.006 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
SUS OF Y 4.019 4.015 4.031 4.039 4.013 4.028 4.016 4.019 4.018 4.023 
Per 2+ 3.292 4.247 4.303 4.225 3.994 815 Biss?) 32948 Jeno 3.984 4.449 
aN 1.830 0.251 0.733 0.482 LS Shi As) 0.747 0.6382 US ND 0.488 0.169 
NI 0.015 0.0 0.0 06. 0.90 0.90 0.6 0.0 0.0 0.0 
ZN 0.005 0.0 0.0 0.0 0.0 020 0.0 0.0 0.0 0.0 
BA 0.0 0.0 0.0 0.0 0.003 0.9 0.0 0.0 0.0 0.0 
MG 0.084 0. 231 0.523 0.502 0-055 0.323 Ose 0.190 0.514 0.568 
cA 0.715 1.190 0.379 0.736 OL 5. SISyI ha22 0.908 0.873 0.990 0.747 
SUM OF X 5-941 52919 5-938 5-945 52978 $2959 sels 52978 55975 5i5 S156) 
NO OF ANIONS 24 24 24 24 24 24 24 24 24 24 
WEIGHT PERCENT OXIDES 

StTo02 366970 37549 Biee22 Sizes) Jemogy SISeeo, Syooo2) Soages) 375420 S72 568 
TIO2 0.0 0.049 0.0 0.0 0.0 0.0 0.90 0.9 0.0 0.0 
AL203 205954" 2iei56r 2Vve7* 2os78e 20808 Ziaur 2ieziee 27096 2328 27425298 
PEO 24ata5) Sess" Sies6S* 315432") 2927S 2osesie 29585, 2550028 29-736 335186 
MNO 13. 280 1.843 3-361 3.540 SSNS: 5.508 SOU iy 8.148 3.596 12243 
NIO Oo116 0.0 0.0 0.0 0-0 0-0 0.0 0.0 0.90 0.0 
ZNO 0.042 0.0 0.90 0.0 0.0 0.0 0.0 0.0 0.0 0.9 
BAO 0.0 0.9 0.0 0.0 0.046 Q.0 0.0 0.0 0.0 0.0 
NGO 0.348 0.963 Paes Ps 2097 0.224 Us sis 1.564 0.738 2.155 2-376 
CAO 4.104 6.910 2-194 4.275 3.143 7.703 52.276 5.026 5-769 4.348 
TOTAL 1 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 


TOTAL 2 102.986 101.729 101.821 101.536 101.560 101.419 101.318 101.433 100.086 101.794 
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TABLE 27. CONT'D... 


MINEBAL NO 


348. 
GRNA 
EDGE 


STRUCTURAL FORMULAE 


SI ue 

AL I¥ 
Sua OF 2 
AL YI 
SUMS OF Y 
FE 2+ 

aN 

BA 

MG 

CA 

SUM OF X 


NO OF ANIONS 


6-042 
0.0 
6.042 


4.016 
4.016 


4.198 
0.743 
0.0 

05629 
05 322 
5-392 


24 


358. 374. 4Qy, 
GRNA GRNA GRNA 
EDGS EDGE EDGE 


6.045 6.002 5.988 
0.0 0.0 0.012 
6.045 6.002 6.000 


B99 4.038 4.034 
B99 2 4.038 4.034 


3.454 4.049 4.536 
0.708 0.505 0.429 
0.0 0.0 0.0 

0.234 0.595 Oeo37 
1.526 0.430 0.453 
De 2'2 55 939 53.95/59 


24 24 24 


WEIGHT PERCENT OXIDES 


SI02 
AL203 
PEO 
MNO 
BAO 
NGO 
CAQ 


TOTAL 1 
TOTAL 2 


37.605 

21.207 

31.238 
5-456 
0.0 
21625 
1.869 


100.000 
101.912 


3465637 375236 377 
216196. 212283) 2132739 
252-842 32.749 33.614 
De 229 5.705 3.138 
0.0 0.0 0.0 
0.983 2.432 De2se 
30914 22.495 2.619 


37. 826 
21.450 
28.297 
J379 
0.90 

3-181 
5.866 


469. 
GBNA 
EDGE 


5.986 
0.014 
6.000 


§.012 
4.012 


Be 25 
0.345 
0.010 
0.682 
15027 
5.989 


24 


37.547 
21.426 
29.431 
jas sya) =) 
0.157 
2.370 
6.013 


37.462 
21.060 
Pys) ven} 
10.625 
0.9 

0.696 
4.645 


37.501 
20.744 
295974 
12.984 
0.0 
0.339 
5.463 


100.000 100.000 100.000 100.000 100.000 100.000 100.000 
TOW OS 1025675 NO ear NOS 90 TO2SO7S 100. 206 10 1.3179 
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TABLE 28, ILMENITES. 
SINERAL NO 023. 
ILM 
STRUCTURAL FORMULAE 
TI 4e 2.004 


v. 3 
FE 2+ 


= 

Ht 
—-OO0ce0ce4eo 
owe 6 Le oo OF ee 
wonone-eaO 
a Nw 
aw ws 


SUM OF A 


NO OF CATIONS 3.983 
NO OF ANIONS 6 


WEIGHT PERCENT OXIDES 


$102 0.278 
TIO2 53.064 
¥203 0.0 
FEO 43.495 
sNO 2.389 
coo 0.0 
NO 0.0 
2NO 0.0 
4GO 0.0 
CAO 0.278 
TOTAL 1 100.000 
TOTAL 2 100. 150 


1 EXCLUDED FROM 


0.0 
52.768 
0.0 
44. 830 
1.501 
0.0 
0.0 
0. 232 
0.524 
0.145 


100.000 
100.301 


STRUCTURAL PORMULAE CALCULATIONS 


0.072 
522734 
0.052 
45.169 
1.748 
0.0 
0.90 
0.079 
0.0 
0.149 


0.067 
52.766 
0.0 
45.991 
0.473 
0.0 
0.0 
0.093 
0.542 
0.069 


499. 
ILs 


0.250 
51.707 
0.90 
45.583 
1.3849 
0.0 
0.103 
0. 372 
0.0 
0.137 


504. 
ILM 


0.0 
53-109 


100.000 100.000 100.000 100.000 
101.182 101.628 100.2137 100.119 


509. 
ILS 


0.151 
53.059 
0.0 


100.000 
99.306 
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Slide S3nts 534. 
ILa ILa ILA 


0.0 0.0 0.0 
1.902 1.833 Ve 799 
0.065 0.057 0.082 
0.0 0.0 0.0 
0.006 0.0 0.0 
05.017 0.0 0.003 
0.0 0.019 0.008 
0.003 0.005 0.007 
1.993 1.914 1.858 


0.161 0.128 0.114 
522.093 945261 55.300 
Q.0 0.0 0.0 
45.073 43.909 42.310 
1.511 teas 13950 


0.0 0.90 0.0 
O2953 0.0 0.9 
0.449 0.0 0.072 
0.0 0.258 0.114 


0.060 9.091 0.138 


100.000 100.000 100.000 
98.117 103.269 101.423 
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TABLE 28. CONT'D... 


MINERAL NO 5355 


ILS 


STROCTURAL FORMULAE 


TI 4+ 2-022 
Vy 3* 0.004 
FE 2+ 1.854 
an 0.064 
Zu 0.002 
CA 0.003 
SUS OF A 16923 


NO OF CATIONS 3.958 
HQ OF ANIONS 6 


547. 
ILA 


1.989 


Q.0 

1.936 
0.075 
0.010 
0.002 
2.023 


4.012 
6 


WEIGHT PERCENT OXIDES 


SIo2! 0.262 
TIO2 53.714 
¥203 0.110 
PEO 44.283 
MNO Teas 
ZNO 0.060 
CAO 0.048 
TOTAL 1 100.900 
TOTAL 2 101.892 


EXCLUDED FROM 


0.0 
52. 238 
0.0 
45.714 
12741 
0. 263 
0.043 


100. 000 
100.696 


STRUCTORAL FORMULAE CALCULATIONS 
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TABLE 29. CARBONATcS. 


MINERAL NO 


RUT 
CARB 


STRUCTURAL FORMULAE 


FE 2+ 


SUM OF A 


Cc 
NO OP ANIONS 


WEIGHT PERCENT OXIDES 


CAO 
co2 


TOTAL 1 


0.106 
0.349 
G.0 

0.002 
0.0 

0.098 
12.423 
1.9738 


2.000 
6 


0.314 
SN} 
12.078 
0.9 
0.082 
0.90 
qo 93:2 
38.944 
42.938 


0. 156 
22906 
0.975 
0.0 
0.160 
0.0 
0.397 
52.145 
43.751 
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oe 
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oon 


42.137 


W273 
0.387 
0.0 
0.058 
0.105 

1) eS Sher 

27.670 

44.446 


0.475 
14.479 
2.2918 
0.0 
0.0 
0.0 
WLR: 
ash (FS \a) 
44.091 


Oe 1015 
0.630 
0.366 
0.0 

0.060 
0.0 

0.394 
54.472 
43.974 


43.445 


44.249 


43.872 
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TABLE 29.. CONT'D... 


MINERAL NO 479. S14. S335 
(Ge ee ce 

STRUCTURAL FORMULAE 

eet 0.085 0.105 0.004 
MS 0.003 0.049 0.013 
NI 0.003 0.003 0.003 
aG 0.050 0.075 0.005 
CA 1.334 1.741 e972 
SUM OF A 1.980 Ley Sa/s! Ue Se 
c 2.000 2.000 2-000 
NO OF ANIONS 6 6 6 


@EIGHT PERCENT OXIDES 


SI02 0.304 0. 403 0.0 

FEO 3-043 Sore S159 
“NO 0.297 1.745 0.447 
NIO 0.128 0.101 0.119 
NGO 0.997 Hers0l2 0.101 
CAO 57.310 48.632 55.189 
co2 43.920 43.846 43.916 


TOTAL 1 100.900 100.000 100.000 


TABLE 30 . MISCELLANEOUS MINERALS. 


MINERAL WO 479. 479. 300. 300. 300. 300. 300. 300. 573. 380. 
MUSC PARG SERP KAZR CPx OL SPIN SPIN SPIN ANTH 


STRUCTURAL FORMULAE 


SI 4+ 6.405 6-054 1.309 6.376 1.920 Vel OH2, rote taie SODAS lalaia owe 6.008 
AL I¥ 1. 59.5 1.946 siciebale 1.624 0. 0380 aol etera NOY Ss ait al Sabie) 1.992 
SOM OF Z 8.000 8.000 SAGSS 8.000 2.000 sineveks! Eiatetele wawicie Siete ta =: 8.000 
AL VI 4.027 3-944 djs sists 0.070 0.048 Salsiots SOHBOS platelets Weeieie 123107 
TI 4+ 0.033 0.010 0.0 0.513 0.007 0.9 0.650 0.0 0.0 0.016 
FE 3+ 0.0 0.0 0.0 0.0 0.0 0.0 3.688 0.0 0.348 Co} (8) 

Vo 3 0.045 0.008 0.9 0.019 0.0 0.U 0.094 0.0 0.025 GAG 
CR 3+ 0.013 0.0 0.90 0.143 0.042 0.0 7. 443 0.685 0.0170 0.0 
SUM OF B ein alolaie'alaicle sjelatels  <lole/ aiatetes elalcl stele os aisvaleles alslelemisicio silo soo mtgs OO en ml Oooure 

FE 2+ 0.104 0. 056 0.530 0.807 0.156 0.323 6.245 Fel shot 5.306 2-534 
au 0.0 0.9 0.007 0.005 0.004 0.004 Oats 0.020 0.032 0.044 
co 0.0 Os 0 Q.002 0.0 0.0 0.0 0.0 0.009 0.025 0.0 
NI 0.0 0.0 0.010 0.0 0.001 0.006 OS0t 02.033 0.019 0.0 
ZN 0.0 0.0 0.0 O29 0.0 0.0 0.066 0.062 0.077 0.0 
BA 0.0 0.0 Q.0 0.0 0.0 0.0 0.0 0.0 0.004 0.0 
MG 0.060 0.0 2 Sais 3.429 0.932 1.639 1.161 4.887 2.476 2.963 
SUM OF Y 4.282 4.018 3. 382 4.987 atevateta aisieiele eva eaters alovevers 6.898 

CA 0.016 0.041 0.0 Vaio 0.799 0.003 05,022 0.0 0.0 COS 
SOM OP A IOC OS COED 6 OOOO oceanic SES) lo See) 7.678 7.846 TES IMT P okies s 
NA Oo129 1.631 0.0 0.765 ee) 0.0 0.0 0.0 0.0 0.697 
K On 19 0. 130 0.0 0.102 05.0 0.0 Q.0 0.0 0.0 0.0 
SUA OP XK Q.3864 We 902 ss atahe ctavate: @ alalen Biscay s ia etal atelolie re) sieta aieinl aleve ania eae aialelata\ale baled s/s alatete sale sine 
SUM OF X+A ide stane stay aye e aaan 2.629 shelatale SSEALSS SS or atelare sisisiote Oo775 
NO OF ANIONS 22 22. 7 as 6 4 Bi 32 a 23) 
WEIGHT PERCENT OXIDES 

SIo2 52.927 49.661 QI G22. 4R 299) SSi2- cose nosso Os 2/8 )0/ 0.144 0.0 40.986 
TIO2 0.365 0. 106 0.0 4.781 0.247 Q.0 3615:9 0.0 0.0 9.148 
AL203 39-418 40.990 0.0 9.999 2.98% 0.90 Ni2sO25 0 2509 60.383 19.208 
FE203 0.9 0.0 0.0 0.9 0.0 0.0 Bi tiet Diniz 0.0 22104: (0 Ste. 
¥203 0.467 0.078 ope) 0.162 0.90 0.0 0.427 0.0 0.141. 0.0 
CRk203 O.135 Ue0 0.0 ie 255 1.441 06.90 34.407 4.175 0.056 0.0 
FEO eo O2s 0. 546 14.504 6.701 5.098 VWosIs2e Lo207 ME53N5 28232 20.667 
4NO Oa 0.0 0.193 05082 9O5 ies) 0a ts2 hoe ees 051s ~OSATO (6.0854 
coo 0.0 0.6 0.061 0.0 0.0 0.0 0.0 OSE Wai}, ~~ yae 
NIO 0.0 0.0 0.286 0.0 0.046 0.301 0.324 0.195 0.108 0.0 
ZNO 0.0 0.0 0.0 0.0 0.0 0.0 O2325 (00808 05472. 020 
BAO 0.0 v0 0.0 0.0 0.0 0.0 Q.0 0.0 0.045 0.0 
MGO Qesant 0.0 8325315) USS97sr ao 2Ue Sse oO Zod 5a 155 788 Ta5soG, 13.589 
CAO 0.120 Gagne 0.0 Vist27a) 205399 0.121 0.076 0.0 0.0 0.498 
NA2O 02554 72173 0.0 2.747 | 050 0.0 0.0 0.0 0.0 22452 
K20 G2662) 121509020 6.558 9050 0.0 0.0 0.9 0.0 0.0 
TOTAL 1 100.000 100.000 100.000 97.900 100.000 100.000 100.000 100.000 100.500 97.500 


TOTAL 2 91.756 91.068 81.760 96.690 99.304 100.996 101.388 102.665 101.284 100.370 


we Oe 
at of 
et off 
»8 
Ca a 
Onh 
62.03, 
and eG, 
ha wef 
Rall 
Eee 


er, a7; 
rhe jth 
Re yh, 

6.8 


EAE 


wk} E 
when 


eee 


ene ss 


he 
her ot 
rive 
#°o.d 
S ee? 


Bin ® 
C4 


CAL. . Hy] é 


eo? 8 


OH of 


Dal 


a ere 
Ce Wer 


se nee 


oo io & 
Ot 
Pak 
9.2 

PH » © 

Gao .o! 


ChB 4S 
O08 Wt 
Oe ae 
£6: } “ fi 
aHO Vf 

0.0 
ta6 .® 


a oe 


eT. 
04% 
Pf 


OT GOGO bOn MT oeconr 20 00 oom .te 
ee ee at Gr" are aer weet ge he 


wgee 
wnee 


“ane? ee 
cG.8 


ee» © 


eh 


oak 
a! 


GIG t 


* we we 


ye wo 


23.0 h.@ 
GSE buf 
BE uat 
— “Rae 
euge C6ta6 
Eft se #0. 

&.o 1 Wel 
PTU.G BOW «® 
bdo, 0 ee) 
Oye Had 
es | L347 


ihe Ot re 


Vet 8 
Get ot 
£50 5% 


Sth. Me 


x 


ere ae © eee a a ee ee ee 


Hema |! 


| Rac 


‘went 


e068 Bri ees 


eek 


ope: 


060.0. 
Mas 4 


ee 
cee S, Cy 
oe 


eet 
ate tit 
i! Bt 
hd eae Wl ie oe hy es 


‘ revidladee 


CaaS ee 


ado 
e 


a 
tet’ 


ik 


robe 


reece a 
Fa | i | ae 


‘booaner woo oor” oF aaron 
bac aetyne actor 


1 " i . ee 
: > ’ y i 
PT ; 
; 7 J* aut 
e ui uP j A i" 
7 Aa ; i 


TABLE 30 .CONT*®D... 


MINERAL NO sya} 501. 
PREH PREY 


STROGCTURAL FORMULAE 


SiR 2.966 ese )S7 ef 
AL IV 0.034 0.003 
SUB OF Z 3.000 3.000 
AL YI 1.960 12.955 
TI Ge 0.006 0.0 
PE 3+ 0. 030 0.034 
ER: 0.003 0.004 
CR 3+ 0.007 0.007 
SUM OF Y 2.006 2-000 
FE 2+ 0.017 0.015 
co 0.0 0.0 
NI 0.0 0.0 
Zu 0.0 0.002 
BA 0.004 0.006 
4G 0.0 0.0 
CA Ve 94S 1. 969 
K 0.004 0.90 
SOM OF X 2.000 T2992 
NO OF ANIONS 11 11 


WEIGHT PERCENT OXIDES 


SIo2 42.989 43.454 
TIO2 0.106 0.0 
AL203 24.514 24.038 
FE203 0.9071 Q- 943 
¥203 0.054 0.2073 
CR203 OS Ashes Bn tai, 
PEO 0.0 0.0 
coo 0.0 0.0 
NIO 0.0 0.0 
ZNO 0.0 0.041 
BAO 0. 131 0. 222 
MGO 0.0 020 
CAO 26-724 26.642 
K20 0.043 0.0 
TOTAL 1 95.600 95.600 


TOTAL 2 95.864 94.794 
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494, 
STAU 


7.903 
0.097 
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Wyss 
0.104 


Ley) 
Ww 
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27.854 


495. 
STAU 


7.883 
0.117 
8.000 


17.906 
0.123 
0.0 
0.0 
0.021 

18.050 


3.088 
0.008 
0.0 
5 7 ihe) 
0.0 
0.604 
0.0 
0.0714 
3.2915 
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27.816 
0.573 

53.954 
0.0 
0.0 
0.094 

13.026 
0.037 
0.0 
1.025 
0.0 
1.430 
0.0 
0.9040 


98.000 
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98.900 


95.211 100.385 100.892 100.887 
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aa TES to the E_of PLAGTOCLASE 


Table 31 Lists the An content of plagioclases, 
mostly from metabasitese Column 1 contains the sample num- 
ber; column 2 and 3 the An content by microprobe analysis, 
column 2 by fully quantitative energy dispersive analysis, 
and column 3 by rapid analysis (see Appendix I1)3 cotumn 4 
Lists An content by universal stage, measuring the optic 
axial angle where the plagioclase could be assumed to be in 
the range of Ang—os and no ambiguity arises in 2V versus Ane 
Column 5 lists what are considered to be the best values 
from cclumns 2, 3 and 4. Column 6 lists the corresponding 
temperature obtained from the garnet-biotite thermometer and 


interpolated on the map of isotherm distribution (fig. 47). 
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Table 31. An content of plagioclases (all in metabasites, 
except where marked by '*')3 temperatures from the garnet- 
biotite thermometer. 


SS a a a a aS OO OOP SOO OOS] OOS — 


No microprobe U-stage best TAC 
quante semi-quante values 
#2 §5 55 590 
19 33,36,18,35 18,35 550 
20 27,30 29 550 
21 24,26 25 550 
22 25,26 25 550 
23 24,24 24 550 
25 25,30,36 32 550 
26 24,26 25 545 
31 20,23 22 550 
32 33,38,39 37 545 
43* 35 35 620 
51 7 (retrogressed ) 7 585 
58 11,11,13 12 530 
59 0,4,6 3 535 
74 31,31,33 32 550 
G fey 24,24,29 26 550 
716 33,34 34 550 
17 35,37 36 500 
19 27,28,30 28 500 
96 5 5 515 
97 5 = 515 
9Rx 5 5 520 
103 11,12,20, 20,22 11,21 540 
105 13,13,13,15 13 550 
113 276,6,11 5,11 550 
114 14,14,20, 20 14,20 550 
116 6,14,14,16,18 6,15,21 550 
20,20,22 
16,20 
122 13,15,16,18,18 545 
125 9,9, 14,20,25 9,14,23 540 
S2G ,. 6,6,11,13,16 540 
127 O,1,6, 13,13,16 2,14 540 
128 0,0,3,9,13 1,11 540 
1292 1,1,6,9,2,13 4,10,18 540 
15,18,20 
136 25999,14,16 8,15 SF5 
3:7 2927656 4 515 
138 696,6 6 515 
140 296,96%96,25 5,25 530 


141 16,20,25,25 16,23 530 
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No 


314 
323 
324 
325 
331 
332 
334 


microprobe 


quante 


16,23,23 


semi-~quante 


18,20,20 


23,24 
0,0 
0,0 


276,10 


U-stage 


15,20, 20,22 
15,16,18,18 
11,16,16,18 
7918,25,25 
4,8,13,20,22 
0,6,9 


696,6,14 
12,18,20,22 
16,18,18,20,20 
16,16,16,18,20 
79797 
11,13,13,13 
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microprobe 


quante 


35 
21 


semi-quante 


33,935,395 


26 

2 

30,34 

40,53,54,55 
(relics) 


37,39 (relic) 
30,40 (relic) 
25 

25,29 


31,32,33 


0,3 


21,22 


25,25 


21,22 
39,39 


U-stage 


45 
35 


20 


45,60 


19,22 


6,6,11,22 
6, 11,13 

5 

5 
22925,25 
O, 69 18,25 


20 ,22,25,25 


16,16,20 


4,11,11 
4,6,6 
14,16 
0,4,9,9 
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24 
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Table 31 e Cont*dee e 


— Se a ew we a = ee we oe oe we ww a oO OO OV SSO OO OO BOOED OOo = 


No microprobe U-stage best EG 
quante semi-quante values 
Sat. 323 23 560 
532 25 25 5306 
533 1,1,2 i 525 
534 23 23 5590 
535 (retrogressed ) 0,0 0 580 
536 23 23 570 
Say fe 22 560 
538 2 2 520 
539 0,0,2 1 510 
540 2,11 2,11 585 
541 2,3 23 530 
542 21,23 540 
543 372 3 §15 
544 24 24 550 
545 23 23 560 
546 26 26 580 
547 1 1 525 
548 30 30 580 
551* 25 25 600 
554 15,23,25 15,24 570 
555 12,17 12,17 oO 
557 20,20,26 22 565 
558 20,21 21 565 
559 23,24 23 550 
560 22,33,33 33 550 
561 25,27 26 555 
ES to the ABLE B E- TU 


Table 32 lists the temperatures obtained from ana- 
lysis of coexisting garnets and biotites using the geother- 
mometer outlined in Chapter VI. Alt garnet and biotite ana- 
lyses were made by energy dispersive microprobe techniquese 


Column 1 lists the sample number, column 2 the coordinates, 
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column 3 the temperature. 
The temperature is obtained from the following 


equation: 


£(T) = 399.647 + 72.7KD — 8-23bA1C®) + 54.82nHTi + 12.94bFe 
+ 4.49bMe + 24.01bK + 22.38gFe - 26.23egMg + 4-.38gCa 


+ 12.42gMn - 80.76bXFe - 264. 9gXFe 


f(T) = 1000exp [-100/(T°C + 273) ] 

Al, Ti, etceee are from biotite (prefix b) and garnet (pre- 
fix g~g) structural formulae calculated on the basis 
of 22 and 24 bivalent anions respectively, and mul- 
tiplied by 100. 

KD = b(Fe/Mg)/g( Fe/Mg) x 1000 


XFe = Fe/(FetMg) x 1000 
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Table 32. Temperatures obtained from coexisting biotites and 
using equation 12 of Chapter VI. 


See a a ww ww we we we we we ee =e me ww ww ww ew Sw we a sw | Ss oS = 


No Location TC Cy) 
10 627 533 590 
35 6598 510 605 
49 445 392 596 
50 445 292 588 
64 230 465 547 
87 319) 75 546 

106 291 325 535 

106 291 325 555 

119 297 334 56S 

21 303 332 566 

122 303 332 537 

135 238 382 538 

hS2 278 161 554 

162 140 256 504 

171 87 106 542 

246 238 137 501 

250 319 224 514 

262 293 191 551 

263 293 191 §35 

278 253 381 559 

338 221 492 581 

342 221 492 583 

348 220 491 586 

351 217 489 572 

358 213 484 528 

a7 1 498 427 523 

391 7492 460 6231 

402 458 390 572 

444 465 435 5 86 

469 90 532 586 

494 278 482 586 

495 279 481 5862 

528 221 492 553 

550 687 288 547 

551 737 473 601! 

552 60 527 584 

553 660 286 523 

562 728 473 622 

564 318 074 541 

565 292 072 534 

567 291 326 Sod 

568 244 377 506 

569 233 373 520 

570 254 116 549 

571 252 234 503 

572 610 469 536 

573 659 464 628 


1: contains kyanite 2: contains staurolite 
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